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ABSTRACT 
The t h e o r e t i c a l  and experimental  s t a t u s  of h e l i c o p t e r  impulsive 
noise  is  reviewed. 
s i v e  noise  are addressed: 
i n t e r a c t i o n  impulsive noise .  A thorough phys ica l  explanat ion of both 
genera t ing  mechanisms is presented toge ther  w i t h  model and fu l l - sca l e  
measurements of t he  phenomena. Current  t h e o r e t i c a l  p red ic t ion  methods 
a r e  compared w i t h  experimental  f i nd ings  of i s o l a t e d  r o t o r  tests. The 
noise  genera t ing  mechanisms of high speed impulsive no i se  are f a i r l y  
w e l l  understood - theory and experiment compare n i c e l y  over Mach number 
ranges t y p i c a l  of today 's  he l i cop te r s .  For t h e  case of blade-vortex 
i n t e r a c t  ion no i se ,  understanding of noise  genera t ing  mechanisms and theo- 
retical comparison wi th  experiment are less s a t i s f a c t o r y .  
f o r  improving theory-experiment are suggested. 
The two major source mechanisms of h e l i c o p t e r  impul- 
high-speed impulsive noise  and blade-vortex 
Severa l  methods 
1 
Over the  p a s t  15 yearss  many researchers  have devoted a s i g n i f i c a n t  
po r t ion  of t h e i r  lives attempting t o  understand the  bas ic  generst ing 
mechanisms of sound produced by r o t o r s .  I n  many instances,  these  e f f o r t s  
have been q u i t e  successfu l ,  with each new advance br inging the  goals of 
understanding, modeling, and acous t i c -p red ic t ion  of r o t o r  no ise  much 
c lose r .  Obviously, t h i s  rosy outlook is not  t r u e  i n  every instance,  and 
the re  are areas i n  which much work is  needed. However, as i t  is  with 
the  squeaky wheel, t h e  no i ses  t h a t  are loudes t  - the  more important 
ex te rna l  no ise  sources  - are g e t t i n g  the  most a t t e n t i o n .  For helicop- 
ters, these  loudes t  and o f t e n  the  most annoying sounds are impulsive i n  
na ture ,  o r ig ina t ing  on both main and t a i l  r o t o r s .  
The t h r e a t  (and follow-through) of no ise  r u l e s  f o r  h e l i c o p t e r s  i s  
I n  many having a b e n e f i c i a l  e f f e c t  on a l l  acous t ic  a spec t s  of r o t o r s .  
cases, noise  i s  now t r ea t ed  se r ious ly  e a r l y  i n  t h e  design process  ins tead  
of as a problem t o  be f ixed  during production. 
remains the  important trade-off of no ise  and performance. I f  reducing 
noise  increases  performance, t h e  l ike l ihood of an "acoust ic  design change" 
is  enhanced, However, i f  t h e  acous t i c  change decreases  veh ic l e  perfor-  
mance, the  change must be weighed aga ins t  o ther  competing f a c t o r s .  I f  
the  acous t ic ian  i s  unsure of h i s  design guide l ines ,  h i s  pos i t i on  i n  t h e  
design group is  se r ious ly  weakened, and, i n  general ,  he  w i l l  have less 
inf luence i n  the  e n t i r e  design process.  
major sources of no ise  be addressed even a t  t h e  expense of perhaps more 
i n t e r e s t i n g  research  phenomena. 
However, t he re  still  
Thus, it is  imperative t h a t  t h e  
Complicating t h i s  e n t i r e  p i c t u r e  i s  the  degree t o  which the  vehic le  
i t s e l f  e n t e r s  i n t o  the  noise-generation process.  I n  the  case of the 
he l i cop te r ,  almost t he  e n t i r e  aerodynamic noise-radiat ion process  is 
t i e d  t o  t h e  aerodynamic state of the  main and t a i l  ro to r s .  
p l i n e s  of aerodynamics, rotor-body dynamics, and rotor-blade dynamics 
can a l l  inf luence the  exact  state of the  r o t o r .  Theore t ica l ly ,  the  prob- 
l e m  is  almost i n t r a c t a b l e .  There are s o  many poss ib l e  f a c t o r s  t h a t  can 
inf luence  the r ad ia t ed  noise  t h a t  some experimental guidance is necessary 
t o  s o r t  out important con t ro l l i ng  parameters. 
The d i sc i -  
Because t h e r e  are so  many sources of no ise  on a he l i cop te r  and 
because i t  would take  a much l a r g e r  document than t h i s  monograph t o  
review adequately t h e  s t a t u s  of a l l  of them, we w i l l  no t  attempt it. 
Ins tead ,  we w i l l  concentrate  on a s t a t u s  r epor t  on he l i cop te r  impulsive 
noise  which inc ludes  high-speed (HS) impulsive as w e l l  as blade-vortex 
i n t e r a c t i o n  (BVI) impulsive noise .  The reader  is  asked t o  consul t  
re fe rences  1-3 f o r  a more genera l  review of t he  s t a t u s  of he l i cop te r  
noise .  I n  p a r t i c u l a r ,  re fe rences  2 and 3,  respec t ive ly ,  g ive  exce l l en t  
t h e o r e t i c a l  and experimental reviews. Limiting t h i s  e f f o r t  t o  t he  impul- 
sive no i se  of h e l i c o p t e r s  is  not  as r e s t r i c t i v e  as it  f i r s t  seems, f o r  
these  noise  sources  have received and probably w i l l  cont inue t o  rece ive  
most of the  research  a t t e n t i o n ,  probably because they are respons ib le  f o r  
much of the  r ad ia t ed  noise  on today 's  he l i cop te r s .  
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l lowing gene ra l  
s rad ia t ed  f r o  
2--0 -3. 4naop (x,t) = 
where 
T i j  = PUiUj + Pij - a:p'Gij 
Th i s  equat ion  w a s  der ived  i n  r e fe rence  4 and expanded upon by many 
r e sea rche r s  (e.g., r e f s .  5-7). Far - f i e ld  a c o u s t i c  p re s su re  i s  e x p l i c i t l y  
expressed i n  terms of i n t e g r a l s  over t he  b lade  su r face  and t h e  surround- 
ing volume i n  a r e fe rence  frame moving wi th  t h e  b lade  sur face .  
W e  s h a l l  begin by looking a t  some experimental  r e s u l t s  t o  see i f  w e  
can c o r r e l a t e  s p e c i f i c  terms i n  the  theory (eq. (1) )  t o  s p e c i f i c  f e a t u r e s  
of t h e  r a d i a t e d  noise .  Before we delve i n t o  q u a n t i t a t i v e  comparisons, i t  
i s  h e l p f u l  t o  look a t  h e l i c o p t e r  d e t e r m i n i s t i c  n o i s e  sources  q u a l i t a t i v e l y .  
For tuna te ly ,  t h e  loudes t  and most annoying sounds are o f t e n  t h e  easiesl :  
to relate t o  aerodynamic even t s  on t h e  blade,  Therefore ,  w e  s h a l l  begin 
with a phys ica l  explana t ion  of impulsive n o i s e s  of t he  h e l i c o p t e r .  These 
arguments w i l l  then  be used to exp la in  many of t he  measured cha rac t e r i s -  
t i cs  of h e l i c o p t e r  impulsive noise .  
wi th  measured d a t a  and exp la in  what a d d i t i o n a l  e f f e c t s  are needed t o  
model t h e  r e s u l t i n g  a c o u s t i c  r a d i a t i o n .  
F i n a l l y ,  we s h a l l  compare theory 
Much of t h e  work presented he re  has  borrowed from our  research  and 
from t h a t  of co l l eagues  a t  the  U.S. Army Aeromechanics Laboratory,  
Research and Technology Labora tor ies  (AVRADGOM), over t h e  p a s t  10 years .  
W e  have t r i e d  t o  use t h e  r e sea rch  of o t h e r s  t o  complement and enhance 
our i n t e r p r e t a t i o n  of t h e  p re sen t  s t a t u s  of h e l i c o p t e r  impulsive noise .  
Because our  p o i n t  of view i s  one of an involved r e sea rche r ,  t h e r e  are 
undoubtedly some u n i n t e n t i o n a l  b i a s e s  i n  t h e  monograph f o r  which we o f f e r  
our apologies .  
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Q TS OF HELICOPTER IMPULSIVE NOISE 
It is poss ib l e  t o  analyze measured acous t i c  d a t a  i n  t h e  frequency 
o r  t i m e  domains. However, i n  i n s t ances  when we are dea l ing  wi th  h e l i -  
copter  impulsive no i se ,  it is  much easier t o  diagnose the  cause of t h a t  
r ad ia t ed  sound i f  a time-domain a n a l y s i s  i s  used. 
t h a t  cause t h e  r a d i a t e d  no i se  are a l l  r e l a t e d  t o  even t s  t h a t  happen as 
the  r o t o r  r o t a t e s  (changes azimuth angle  Y). Thus, i t  i s  n a t u r a l  t o  
think of Y as a "source t i m e "  which tends  t o  order  t h e  events  an  
observer may hear  e 
The sequence of events  
For s impl i c i ty  i n  these  f i r s t  arguments, we s h a l l  only consider  
terms on t h e  right-hand s i d e  of equat ion  (1) which can be der ived  by 
l i n e a r i z i n g  the  governing mass and momentum equat ions.  Therefore ,  only 
the  last  two terms of equat ion  (1) are discussed.  It t u r n s  o u t  t h a t  the  
last i n t e g r a l  governs " l inea r "  high-speed impulsive no i se  , and t h e  second 
terms i s  a l a r g e  c o n t r i b u t o r  t o  blade-vortex i n t e r a c t i o n  impulsive noise .  
L inear-Thickness Impulsive Noise 
"Linear-thickness noise" can be represented  by consider ing equa- 
t i on  (1) wi th  only t h e  t h i r d  t e r m  appeafing on the  right-hand s ide .  The 
r e s u l t i n g  s impl i f i ed  i n t e g r a l  equat ion  becomes 
dS (3) -+ i a  P ' ( x , t )  = -- 4~ a t  
r 
This  equat ion  states t h a t  t he  a c o u s t i c  pressure  i s  r e a l l y  the  sum of a 
d i s t r i b u t i o n  of s i n g u l a r i t i e s  over t h e  blade sur face .  It is important 
t o  remember t h a t  sound generated by each s i n g u l a r i t y  must travel a 
s l i g h t l y  d i f f e r e n t  path t o  the observer ' s  Ioca t ion  and, t he re fo re ,  w i l l  
arrive a t  a d i f f e r e n t  observer  t i m e  t. The s imples t  way of descr ib ing  
t h i s  i n t e g r a t i o n  i s  t o  d iv ide  the  t i p  sec t ion  of t h e  blade i n t o  two 
chordwise panels .  
t h a t  i t  is  t h e  source of most of t h e  acous t i c  r a d i a t i o n . )  The f i r s t  
panel i s  composed of "sources" and t h e  second of "s inks,"  as shown i n  
f i g u r e  1 f o r  a single-bladed r o t o r .  
(We only treat the  b lade- t ip  reg ion  because we know 
One of the  most i n t e r e s t i n g  a s p e c t s  of t h e  eva lua t ion  of t h e  thick- 
ness  i n t e g r a l  
i s  t h a t  t h e  i n t e g r a t i o n  i s  a func t ion  of 
the  obse rve r ' s  l oca t ion .  
ampl i f i ca t ion  of a c o u s t i c  s i g n a l s  and i s  a s t rong  func t ion  of t h e  Mach 
l / ( r l l  - Mr/)  which depends on 
The f a c t o r  1 / ( 1  - Mr) r e p r e s e n t s  t h e  Doppler 
4 
~ ~ c - ~  SOURCE: @ 
SINK: 0 
PoVn 
Figure 1.- Acoustic sources and s inks.  
number i n  the r a d i a t i o n  d i r ec t ion ,  M,. 
observer i n  the d i sk  plane loca ted  d i r e c t l y  ahead of t he  r o t o r ' s  f l i g h t  
path,  M r  becomes a maximum when Jt 2 90". Thus, we would expect the  
thickness  noise  peak t o  o r ig ina t e  near 
As shown i n  f igu re  2, f o r  an 
Jt = 90". 
Now l e E  us sketch a graphica l  ou t l i ne  of t he  in t eg ra t ion  of t he  
F i r s t ,  consider  the  simple source (povn = qt ) .  Then 
i n t e g r a l  f o r  the in-plane observer located d i r e c t l y  ahead of t he  ro to r  
( f ig .  3). 
becomes as i n  f i g u r e  3. S imi la r ly ,  the i n t e g r a l  of the  s i m p l e  "sink" 
becomes t h e  same curve s h i f t e d  (delayed) i n  time c/2(QR) sec 
+ c s i n  J, 








Figure 2.- Variat ion of Mr over azimuthal angles .  
M 
rmax 
Figure 3.- Variat ion of M, over observer t i m e .  
Although n o t ' e x p l i c i t l y  shown, a l l  of the above arguments depend on 
The the co r rec t  evaluat ion of the  re ta rded  time-equation, T = t - r/ao. 
simple s h i f t  i n  observer time causes t h e  two sources t o  not  cancel .  This  
is the major mechanism of l inear - th ickness  noise .  It i s  charac te r ized  by 
a la rge  negative-pressure pulse;  a similar set of arguments w a s  presented 
i n  reference 8 (see fig. 4). 
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UM OF SOURCES 
LI 
5 4- v 
3 
I ADDING BOTH OF 
THE ABOVE EFFECTS AT 
THE OBSERVER TIME 
t 
I 
- I  
DIFFER ENTl ATlNG 
P. THISSUM 
v PEAK NEGATIVE PULSE 
J/ ~ Q O " +  
Figure 4.-  Summation of sources and sinks for given observer t i m e  
and its derivative. 
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Consider t he  same in te -  
g r a l  f o r  an observer  s i t u -  
a t e d  d i r e c t l y  beneath the  
r o t o r ' s  a x i s .  I n  t h i s  loca- 
t i o n ,  t h e  observer  sees no 
d i f f e rence  i n  t i m e  o r  
tude f o r  the source >n 
i n t e g r a t i o n .  Thus, when both 
con t r ibu t ions  are summed and 
t h e  t ime-der iva t ive taken, 
l i t t l e  r a d i a t i o n  is found. The 
c o n t r i b u t i o n s  from t h e  simple 
source and s ink  cance l ,  causing 
- no a c o u s t i c  r a d i a t i o n .  These 
simple arguments exp la in  why 
the  l i nea r - th i ckness  noise  only 
r a d i a t e s  near t h e  p lane  of t h e  
r o t o r  d i sk .  Th i s  w i l l  be con- 
firmed when we  look a t  some 
experimental  da ta .  
Blade-Vortex I n t e r a c t i o n  Impulsive Noise 
The q u a l i t a t i v e  c h a r a c t e r i s t i c s  of blade-vortex i n t e r a c t i o n  (BVI) 
Again, we s h a l l  perform our no i se  can be deduced i n  a similar manner. 
a n a l y s i s  i n  t h e  time-domain so t h a t  we may order  the a c o u s t i c  even t s  i n  
$ and f i n a l l y  i n  observer t i m e  t. Consider t h e  top view of a two- 
bladed h e l i c o p t e r  r o t o r  a t  an advance r a t i o  of 0.145 (11 = V/QR = 0.145) 
which i s  shown i n  f i g u r e  5. The ep icyc lo id- l ike  p a t t e r n s  were derived 
from a "free-wake'' computer code. However, i t  i s  known from experience 
t h a t  t h e  top v i e w  of both t h e  r i g i d  and f r e e  wakes is q u i t e  similar, 
suggest ing t h a t  t h e  simple rigid-wake t i p  vor tex  ep icyc lo id  p a t t e r n  i s  
a good f i r s t - o r d e r  r ep resen ta t ion  of the  t ip-vortex p a t t e r n s  of the  
f ree-wake ana lys i s .  
W e  know from t h e o r e t i c a l  cons ide ra t ions  t h a t  most of t h e  r ad ia t ed  
no i se  is  generated near  t he  r o t o r  t i p .  W e  a l s o  would expect blade-vortex 
i n t e r a c t i o n  n o i s e  t o  occur when t h e  r o t o r  b lade  (outer  20-30%) passes  
c l o s e  t o  the  t r a i l i n g - t i p  v o r t i c e s .  A s  seen from f i g u r e  5, t h e r e  are 
seven poss ib l e  blade-vortex i n t e r a c t i o n s  ( l abe led  1-7). 
The s t r e n g t h  of each i n t e r a c t i o n  i s  governed by 
1. Local s t r e n g t h  of t h e  t i p  vo r t ex  
2. Core s i z e  of the  t i p  vor tex  
3 .  
4. Vertical sepa ra t ion  between the  vo r t ex  and t h e  b lade  
Local i n t e r a c t i o n  angle  of t he  b lade  and t h e  vor tex  l i n e  
8 
Figure  5. - Blade-vortex i n t e r s e c t i o n s  during par t ia l -power descent  
(from r e f .  9 ) .  
I n  gene ra l ,  the  induced v e l o c i t y  of t he  r o t o r  d i sk  tends  t o  make a l l  of 
the t i p  v o r t i c e s  p a s s  under the  r o t o r  d i sk  i n  l e v e l  s t eady- s t a t e  f l i g h t  
cond i t ions  f o r  p z 0.15. However, i f  t h e  r o t o r  ope ra t e s  i n  s teady 
descending f l i g h t ,  then the  p o s i t i v e  inf low (upflow) tends  t o  f o r c e  the  
epicycloid- type p a t t e r n  i n t o  the  r o t o r  d i sk  plane,  causing s t rong  blade- 
vor tex  i n t e r a c t i o n s  (see f i g .  6 ) .  
The n e t  r e s u l t  of such cons ide ra t ions  is  shown i n  f i g u r e  7. Of 
these p o t e n t i a l  seven blade-vortex i n t e r a c t i o n  (BVI) encounters ,  only a 
f e w  are known t o  r a d i a t e  s t rong  impulsive no i ses .  Consider encounters  






Figure 6.- I n t e r a c t i o n  of t i p  v o r t i c e s  with a r o t o r  d i s k  f o r  l e v e l  
and descending f l i g h t s  e 
Figure 7.- F l i g h t  cond i t ions  f o r  p o t e n t i a l  blade-vortex i n t e r a c t i o n s .  
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Number 3 i n  p a r t i c u l a r  is an encounter i n  which t h e  blade 
are almost p a r a l l e l .  
arguments t o  estimate the  c o r r e c t  shape of such a pulse .  An advancing 
blade might see the following (see  f i g .  8): 
the vor t ex  
I n  t h i s  case, we can use  some simple 
"i 
ADVANCING BLADE 
Figure 8.- Blade-vortex i n t e r a c t i o n  on a n  advancing s i d e .  
A conceptual v i e w  of the  angle-of-attack t ime-history as the  vor tex  
passes near t he  a i r f o i l  is  shown i n  f i g u r e  9. 
Figure 9.- Angle-of-attack t ime-history f o r  an advancing blade. 
For incompressible flow, t h i s  w i l l  r e s u l t  i n  a n e t  l i f t  versus  time on 
the  r o t o r ,  which is  sketched i n  f i g u r e  10. 
Figure 10.- L i f t  h i s t o r y  of an  advancing blade.  
11 
I n  these  simple arguments, t he  e n t i r e  blade i s  assumed t o  
ence of t h e  changing angle  of a t t a c k .  The r e s u l t i n g  time- 
f i e l d  is  impulsive i n  nature .  The r ad ia t ed  no i se  i s  given by 
Trea t ing  t h e  e n t i r e  blade as a s i n g l e  r a d i a t i n g  body (an acoust i -  
c a l l y  compact body) and consider ing r a d i a t i o n  t o  the  f a r - f i e l d ,  t h i s  
expression can be r ewr i t t en  as 
AL. COS ei 
P ' ($ , t )  2 -- sat to[*I 
where 8 i  
t he  fo rce  on the  f l u i d  and a l i n e  from the  po in t  of the appl ied  force  
t o  the  observer. 
is  the  angle  between the  sur face  normal i n  the  d i r e c t i o n  of 
7 "a+ 
OBSERVER 
This  expression governs the  shape of t he  BVI noise .  S i m i l a r  t o  thickness  
noise ,  t he  "Doppler ampl i f ica t ion"  a l ters  the  magnitude of t he  r a d i a t i o n  
force  f i e l d ,  b u t  no t  the  bas i c  cha rac t e r .  Thus, t he  shape of t he  radi-  
a t e d  acous t i c  p re s su re  becomes t h a t  shown i n  f i g u r e  11. 
The n e t  e f f e c t  of blade-vortex i p t e r a c t i o n  d is turbances  on the  advanc- 
ing  s i d e  of t he  r o t o r  d i s k  is acous t i c  r a d i a t i o n  i n  the form of a sequence 
of predominantly p o s i t i v e  sp ikes  similar t o  the  above. These near  discon- 
t i n u i t i e s  are of varying s t r eng ths  and occur between Jt = 0' and 11, = 90". 
For the  observer i n  t h e  f a r - f i e l d ,  these  p o s i t i v e  pressure  impulses arrive 
before  the  l a rge  nega t ive  thickness-noise pulse .  Notice t h a t  t he  acous t i c  
r a d i a t i o n  decreases  as  the  observer approaches t h e  plane of t he  r o t o r  d i s k  
( i . e . ,  cos  ei +- 0) .  
12 
Figure 11.- Acoustic pressure s igna ture  of blade-vortex in t e rac t ion .  
Now, consider t he  BVI on the  r e t r e a t i n g  s i d e  of t he  r o t o r  disk 
(Nos. 5, 6 ,  7 ) .  Again, using our s impl i f ied  two-dimensional q u a l i t a t i v e  




For r e t r e a t i n g  BVI, the  s ign  of t he  approaching vor tex  i s  opposite 
t o  B V I  on the advancing s ide .  Therefore,  by similar arguments the ne t  
e f f e c t  i s  a predominantly negat ive r ad ia t ed  acous t i c  s igna tu re  f o r  each 
BVI on t h e  r e t r e a t i n g  s ide ,  as shown i n  f i g u r e  12. 
impulses occur la ter  i n  time than the  thickness-noise pulse .  These two 
p ieces  of information he lp  i s o l a t e  t h e  genera l  o r i g i n s  of t he  r ad ia t ed  
poise.  
of t he  more i n t e r e s t i n g  d e t a i l s .  However, these  arguments do he lp  u s  
i n t e r p r e t  measured impulsive-noise acous t i c  data .  ( S i m i l a r  arguments 
can be found i n  r e f .  10.)  
All bu t  t he  No. 5 BVI 
Obviously, these  simple q u a l i t a t i v e  arguments do no t  t e l l  us many 
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Figure 12.- Angle of a t t a c k ,  l i f t ,  and acous t i c  pressure time h i s t o r y  
of a r e t r e a t i n g  blade.  
MEASURED IMPULSIVE NOISE 
Over the p a s t  10 years ,  a novel i n - f l i gh t  method of gather ing h e l i -  
copter  impulsive-noise data  w a s  developed by the  Aeromechanics Laboratory 
(U.S. Army Research and Technology Laborator ies ,  AVRADCOM). I n  the e a r l y  
s t ages  of the work, an OV-1C Mohawk a i r c r a f t  w a s  instrumented with a 
microphone on the top of i t s  v e r t i c a l  t a i l  and flown i n  formation with 
the sub jec t  h e l i c o p t e r ,  as shown i n  f i g u r e  13. Because the Mohawk w a s  
f a i r l y  q u i e t  and t h e  impulsive s i g n a l s  q u i t e  i n t ense ,  good-quality 
acous t i c  da t a  were acquired. (Additional d e t a i l s  can be found i n  
r e f .  11.) The major advantages of gather ing da ta  i n  t h i s  manner are 
(1) no ground r e f l e c t i o n s ;  (2) long and steady da ta  samples; and 
(3)  he l i cop te r  f l i g h t  condi t ions and d i r e c t i v i t y  p r o f i l e s  are e a s i l y  
explored. 
The h e l i c o p t e r  f l i g h t  condi t ions which were inves t iga t ed  f o r  the 
UH-1H h e l i c o p t e r  are shown i n  f i g u r e  14. High-speed impulsive noise  w a s  
measured i n  high-speed forward f l i g h t ,  and B V I  impulsive no i se  w a s  mea- 
sured i n  moderate forward-speed b u t  descending f l i g h t .  Also i l l u s t r a t e d  
i n  t h i s  f i g u r e  are contours of BVI no i se  as  heard I n  t+-e h e l i c o p t e r  cabin. 
I n  e a r l y  experiments, i t  w a s  thought t h a t  cabin no i se  w a s  a good indi-  
c a t o r  of r ad ia t ed  impulsive noise .  
t h a t  cabin measurements were necessary but no t  s u f f i c i e n t  condi t ions f o r  
no i se  r ad ia t ion .  There is rad ia t ed  no i se  i n  o the r  d i r e c t i o n s  t h a t  i s  
not heard i n  the cabin.  
mize t h e  cabin impulsive noise ,  he  might s t i l l  be r a d i a t i n g  BVI noise t o  
ground ob servers .  
Th i s  new i n - f l i g h t  technique showed 
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Figure 14.-  Impulsive-noise boundaries f o r  UH-1 series h e l i c o p t e r s .  
I t  w a s  gene ra l ly  observed from t h e  measured d a t a  t h a t  t h e  f a r - f i e l d  
acous t i c  waveform r a d i a t e d  by each b l ade  w a s  mu l t ipu l se  i n  na tu re .  
many as t h r e e  d i s t i n c t  p re s su re  d i s tu rbances  could be r e p e t i t i v e l y  iden- 
t i f i e d  i n  t h e  a c o u s t i c  waveform. For i d e n t i f i c a t i o n  of t h i s  waveform 
s t r u c t u r e  and f a m i l i a r i t y  with d a t a  presented i n  t h e  following s e c t i o n s ,  
an i d e a l i z e d  composite drawing of t h e  a c o u s t i c  waveform showing t h i s  
mult ipulse  c h a r a c t e r  i s  presented i n  f i g u r e  15. I n  t h i s  f i g u r e ,  peak 
pressure amplitude of t h e  a c o u s t i c  s i g n a t u r e  i s  i l l u s t r a t e d  v e r s u s  one- 
ha l f  r evo lu t ion  (one-blade passage) i n  t i m e ,  with t i m e  i nc reas ing  from 
l e f t  t o  r i g h t .  The peak p res su re  amplitude s c a l e  used he re  i s  an abso- 
l u t e  s c a l e  measured i n  dynes per square centimeter.  O n  t h i s  scale,  a 
sinusoidal-shaped waveform with a peak p res su re  amplitude of 512 dynes/cm2 
would e x h i b i t  a roo t  mean square (rms) sound p res su re  l e v e l  of 124 dB 
( r e f .  0.0002 dyne/cm2 rms) . 
As 
The composite waveform model i l l u s t r a t e s  t h r e e  predominant p re s su re  
c h a r a c t e r i s t i c s  observed i n  the  da t a .  They are shown i n  the  same rela- 
t ive  sequence and approximate pu l se  width t h a t  w e r e  c h a r a c t e r i s t i c  of 
t h e  measured da ta .  Typ ica l ly ,  the sequence began with one o r  two succes- 
sive i n c r e a s e s  i n  p o s i t i v e  p re s su re  of " t r i angu la r "  p u l s e  shape (No .  1 i n  
f i g .  15). 
t r i a n g u l a r  negat ive p r e s s u r e  pulse .  A t  h igh advance r a t i o s ,  t h e  nega t ive  
.pressure rise (No.  2) increased i n  amplitude s l i g h t l y  slower than i t s  
subsequent r a p i d  decrease (No. 3) ,  and the  waveform i s  represented more 
by a saw-tooth o r  h a l f - t r i a n g u l a r  pu l se .  F i n a l l y ,  when i t  w a s  observed 





Figure 15.- Composite i l l u s t r a t i o n  showing dominant UH-1H a c o u s t i c  
waveform f e a t u r e s .  
t o  occur ,  an extremely narrow pos i t ive-pressure  sp ike  followed immedi- 
a t e l y  a f t e r  o r  as  a r e s u l t  of t he  extremely r a p i d  inc rease  i n  pressure .  
Using the  q u a l i t a t i v e  arguments presented  a t  the  beginning of t h i s  
chap te r ,  i t  is p o s s i b l e  t o  trace the  o r i g i n s  of t he  r a d i a t e d  noise .  
Refer r ing  t o  t h e  composite i l l u s t r a t i o n ,  t h e  nega t ive  p u l s e  (No.  2 ,  
f i g .  15) is  a s s o c i a t e d  with high-speed th i ckness  e f f e c t s .  A s  w e  have 
shown, i t  occurs  i n  source coord ina te s  a t  about 1c, = 90". The i n i t i a l  
series of p o s i t i v e  pu l ses  (No. 1 )  is  a d i r e c t  r e s u l t  of b lade- t ip  vo r t ex  
i n t e r a c t i o n  on the  advancing s i d e  of t h e  r o t o r  d i sk .  A s  w e  have shown, 
they occur b e f o r e  t h e  thickness-noise  impulse, occur r ing  i n  source coor- 
d i n a t e s  a t  JI 10" + 80'. C h a r a c t e r i s t i c  N o .  3 is r e a l l y  j u s t  a mani- 
f e s t a t i o n  of i n t e n s e  th ickness  noise .  It occur s  when t h e  th i ckness  n o i s e  
(and i t s  a s s o c i a t e d  aerodynamics) i s  so l a r g e  t h a t  l o c a l  shocks on the  
b lade  r a d i a t e  t o  t h e  f a r - f i e l d .  In t h i s  la t ter  caoe,  non l inea r  terms 
need t o  be added to  t h e  s imple l i n e a r  c a l c u l a t i o n s  t o  p r e d i c t  t h e  acous- 
t i c  f a r - f i e l d .  
Figure 16 p r e s e n t s  a performance matrix of measured a c o u s t i c  d a t a  
a t  f l i g h t  cond i t ions  between 80 and 115 knots  IAS and rates of descent  
of 0 t o  800 f t l m i n  ( see  f i g .  1 4 ) .  These unaveraged a c o u s t i c  waveforms, 
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Figure 16.- Unaveraged acoustic signature of UH-1H impulsive noise versus 
forward airspeed and rate of descent. 
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corresponding t o  two consecut ive b l ade  passages,  w e r e  reco 
nominal hub-to-microphone sepa ra t ion  d i s t ance  of 95 f t  w i t  
phone pos i t ioned  d i r e c t l y  ahead of the beh lc iop te r  (B = 0) and nea r ly  
within the plane of t h e  r o t o r  t i p s  (a : 0) .  Each of the a c o u s t i c  t i m e -  
h i s t o r i e s  has  the  s a m e  amplitude scale shown, f o r  example, wi th  the  upper 
r i g h t  waveform i n  the  performance mat r ix .  
T o  show da ta  t r e n d s  more c l e a r l y ,  t he  a c o u s t i c  waveform f o r  each 
condi t ion  w a s  averaged 1 2 8  t i m e s ,  as  shown i n  f i g u r e  17. The l a r g e ,  con- 
s i s t e n t  negat ive-pressure pu l se  w a s  used t o  t r i g g e r  the averaging pro- 
cess. Since blade-to-blade v a r i a b i l i t y  i s  removed by t h i s  technique, 
only one b lade  passage is shown. Notice t h a t  random background noise  has  
been reduced i n  level  by t h e  averaging process.  
Peak amplitude of the l a r g e  negat ive-pressure pu l se  is  s t rong ly  
dependent on forward speed. Although the  width of t h e  nega t ive  pulse  
appears  t o  decrease s l i g h t l y  with inc reas ing  speed, no c o n s i s t e n t  t r ends  
i i i  amplitude o r  pu l se  width could be  deduced wi th  changes i n  descent  r a t e .  
I t  i s  i n t e r e s t i n g  t o  note  t h a t  under l e v e l - f l i g h t  cond i t ions  a t  a l l  a i r -  
speeds, no impulsive no i se  was heard i n  t h e  cabin ,  i n d i c a t i n g  t h a t  f o r  
a l l  f l i g h t  cond i t ions  t e s t e d ,  t he  p i l o t  w a s  unaware t h a t  t he  h e l i c o p t e r  
w a s  r a d i a t i n g  t h a t  p a r t  of t h e  impulsive noise  waveform as soc ia t ed  with 
the nega t ive  p re s su re  peak. 
A t  t he  high forward speed cond i t ions  of 115 knots ,  t he  l a r g e  negative- 
pressure  peak, when measured nea r ly  in-plane, w a s  followed by a pos i t ive-  
pressure  inc rease  which exh ib i t ed  some v a r i a b i l i t y  from blade t o  blade.  
This  extremely r ap id  rise i n  p re s su re  documented h e r e  was so i n t e n s e  t h a t  
i t  w a s  heard d i r e c t l y  i n  t h e  cockpi t  of t h e  Mohawk, over and above the  
a i r c r a f t ' s  own i n t e r n a l  no i se  levels.  However, no apparent  s lapping  w a s  
heard i n  the  cabin  of t h e  h e l i c o p t e r  a t  any speed above 100 kno t s  IAS 
rega rd le s s  of r a t e  of descent .  To t h e  p i l o t  of t h e  h e l i c o p t e r ,  a moderate 
increase  i n  v i b r a t i o n  level was t h e  only no t i ceab le  e f f e c t ,  even though 
the  UH-IH w a s  r a d i a t i n g  tremendous amounts of a c o u s t i c  energy. 
Blade s l a p  w a s  heard  i n  the cab in  under partial-power descen t s  a t  
forward speeds below 100 knots .  Blade s l a p  appeared t o  be most i n t ense  
wi th in  the  h e l i c o p t e r  a t  about 80 k n o t s  IAS a t  a rate of descent  of 
400 f t /min .  The occurrence of t h i s  cabin noise  c o r r e l a t e s  wi th  the  posi- 
t i v e  impulse p re s su res  which precede the  l a r g e  negat ive-pressure pulse  on 
the  a c o u s t i c  waveforms. The occurrence of t hese  pos i t i ve -p res su re  p u l s e s  
i s  s e n s i t i v e  t o  ra tes  of descent  and r e s u l t i n g  rotor-wake geometry, thus 
confirming that  these  p u l s e s  are a d i r e c t  r e s u l t  of b lade- t ip  vo r t ex  
i n t e r a c t  ion.  
D i r e c t i v i t y  p r o f i l e s  of the  UH-1H impulsive n o i s e  were measured 
throughout a sweep of angular  microphone p o s i t i o n s  f o r  two ope ra t ing  
condi t ions:  80 kno t s  IAS, 400-ft/min rate of descent ,  and 115 kno t s  IAS, 
0-ft/min rate of descent .  The l o n g i t u d i n a l  and la te ra l  angles ,  a and 8 ,  
r e spec t ive ly ,  were measured from a l i n e  i n  space drawn between t h e  r o t o r  
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Figure 17.- Averaged acous t i c  s igna tu re  of UH-1H impulsive noise 
ver sus  forward a i r speed  and rate of descent.  
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hub and microphone t o  the  r o t o r  t ip-path plane f o r  l ong i tud ina l  d i r ec t iv -  
i t y  and t o  the forward ve loc i ty  vec tor  f o r  lateral d i r e c t i v i t y .  
Figures  18 and 19 present  t he  longi tudina l  and lateral  d i r e c t i v i t y  
p r o f i l e s  of t he  UH-1H he l i cop te r  i n  an 80-knot-IAS, 400-ft/min r a t e  of 
descent.  A s  discussed previously,  t h i s  opera t ing  condi t ion  produced 
blade-slap noise  t h a t  w a s  audib le  t o  the  he l i cop te r  p i l o t .  
The long i tud ina l -d i r ec t iv i ty  s igna tures  conta in  both pos i t ive-  and 
negative-pressure pulses ,  the  former exhib i t ing  considerable  v a r i a b i l i t y  
from blade t o  blade.  
of blade-t ip/vortex in t e rac t ion ,  become l a r g e  f o r  longi tudina l  angles  (a) 
between 10" and 52". 
some blade-t ip  vor tex  i n t e r a c t i o n  r ad ia t ion  is  evident ,  i nd ica t ing  t h a t  a 
wide angular  d i s t r i b u t i o n  of a c o u s t i c  energy is rad ia t ed  t o  the  f a r - f i e l d  
i n  the  long i tud ina l  plane.  However, the  negat ive pressure  peak e x h i b i t s  
q u i t e  d i f r e r e n t  r a d i a t i o n  c h a r a c t e r i s t i c s .  I t  reaches i t s  maximum l e v e l  
near  the  in-plane pos i t i ons  of t h e  ro to r  d i s k  bu t  decreases  rap id ly  t o  
ha l f  amplitude by t h e  23" pos i t i on  and cont inues t o  decrease uniformly 
with increas ing  angle  u n t i l  i t  i s  hardly d i sce rn ib l e  above background 
noise  l e v e l s  a t  the  52" angular  pos i t ion .  These experimental f ind ings  
are i n  agreement with the  q u a l i t a t i v e  arguments of the previous sec t ion .  
Thickness noise  i s  a maximum i n  the  plane of t h e  ro to r  and R V I  no ise  i s  
small a t  in-plane p o s i t i o n s  and increases  under the  ro to r .  
These posi t ive-pressure pulses ,  which r e s u l t  because 
Even a t  the near ly  in-plane o r  overhead pos i t i on ,  
La te ra l -d i r ec t iv i ty  s igna tu res ,  shown i n  f i g u r e  19, f o r  the  same 
opera t ing  condi t ions  r e f l e c t  a r ap id  decrease i n  t h e  impulsive nature  of 
t he  posi t ive-pressure pulse  f o r  measurements t o  t h e  advancing-blade of 
the r o t o r  and a gradual  disappearance i n t o  background noise  by the 54" 
poin t .  Again, v a r i a b i l i t y  between blade s igna tu res  is  p resen t .  The 
negative-pressure pulse  i s  shown t o  decay less rap id ly  in-plane than 
out-of-plane as t h e  d i r e c t i v i t y  angle  is increased.  I t  i s  approximately 
half  amplitude a t  73" and st i l l  d i sce rn ib l e  t o  t h e  s ide  of the  he l i cop te r  
($ = 94"). Although the  h e l i c o p t e r  p i l o t  cannot hear  any s lapping noise  
assoc ia ted  with t h e  negative-pressure pulse ,  i t  i s  clear t h a t  near the 
t ip-path plane of t he  he l i cop te r ,  l a r g e  angular  d i s t r i b u t i o n s  of acous t ic  
energy are being r ad ia t ed .  
The longi tudina l -  and l a t e r a l - d i r e c t i v i t y  p r o f i l e s  f o r  t he  high- 
speed l e v e l  f l i g h t  are shown i n  f i g u r e s  20 and 21. 
p r e s s u r e  pu lses  a s soc ia t ed  with blade-t ip  vor tex- in te rac t ion  impulsive 
noise  are not iceably absent  f o r  t h i s  f l i g h t  condi t ion ,  t he re  are rapid 
inc reases  f i r s t  i n  t h e  large-amplitude negat ive pressure  and then i n  the  
p o s i t i v e  pressure.  The negative-pressure peak is  predominantly caused by 
t r anson ic  thickness e f f e c t s  and, although much l a r g e r  i n  amplitude €or  this 
high-speed condi t ion,  v a r i e s  i n  longi tudina l  and la teral  d i r e c t i v i t y  i n  
much the same way as i n  the low-speed case. I t  i s  a t  a maximum near the 
t ip-path plane of t h e  r o t o r  and f a l l s  off  uniformly with increas ing  la t -  
e ra l  d i r e c t i v i t y  angles  where, a t  f3 = 84", it i s  bare ly  not iceable .  A s  
ind ica ted  previously,  t h e  p i l o t  cannot i d e n t i f y  t h i s  l a r g e  angular dis-  
t r i b u t i o n  of r ad ia t ed  impulsive noise  from i n s i d e  the  he l i cop te r .  













Figure 18 .- UH-1H longitudinal acoustic d irect iv i ty  at 80 knots IAS 
and 400 ft/min R/D (6 = 0"). 
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Figure 19.- UH-1H la tera l  acoustic d irec t iv i ty  at 80 knots IAS and 








Figure 20.- UH-1H longitudinal acoustic d irec t iv i ty ,  l e v e l  f l i g h t ,  







Figure 21.- UH-1H la tera l  acoustic d irec t iv i ty ,  l e v e l  f l i g h t ,  
115 knots IAS (a = 7'). 
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The extremely sharp posi t ive-pressure rise shown t o  ex 
narrow angular region near and above the r o t o r ' s  t ip-path plane and i n  
t h e  d i r e c t i o n  of forward f l i g h t  r e su l t ed  i n  very in t ense  r ad ia t ed  noise  
levels.  However, similar t o  the  negative-pressure pu l se ,  no impulsive- 
noise  r a d i a t i o n  could b e  detected by the  h e l i c o p t e r  p i l o t .  W e  s h a l l  
show l a t e r  t h a t  t h i s  rap id  inc rease  i n  pressure i s  a s soc ia t ed  with a 
r a d i a t i n g  shock wave. 
The overwhelming success of the in - f l i gh t  measurement technique 
encouraged i ts  f u r t h e r  refinement t o  more q u a n t i t a t i v e l y  examine blade- 
vortex i n t e r a c t i o n  (BVI) noise .  A spec ia l ly  b u i l t  "quiet  a i rplane" 
developed by t h e  Army f o r  Vietnam, c a l l e d  t h e  YO-3A, w a s  employed t o  
ga the r  a d d i t i o n a l  acous t i c  d a t a  on a whole range of he l i cop te r s .  Of 
course, one of t he  f i r s t  tasks w a s  an expansion of the  o r i g i n a l  UH-1H 
matrix of f l i g h t  condi t ions ( r e f .  1 2 ) .  The YO-3A could f l y  more slowly 
and thus  make i t  poss ib l e  t o  i n v e s t i g a t e  f u l l y  t h e  condi t ions of B V I  
during landing approaches. To emphasize f u r t h e r  the signal-to-noise 
r a t i o s  during B V I ,  the microphone w a s  posi t ioned 30" below the  ro to r  
tip-path-plane, where BVI  no ise  becomes more in t ense  than high-speed 
impulsive no i se  ( see  f i g .  2 2 ) .  
A sketch of t y p i c a l  B V I  noise  i s  shown i n  f i g u r e  23 f o r  t h i s  second 
tes t  p r o f i l e  with t h e  microphone loca ted  3 0 "  below the tip-path-plane of 
the  r o t o r .  The wide negative-pressure pulse  is  ind ica t ive  of high-speed 
impulsive noise,  and the  predominati.ly posi t ive-pressure p u l s e s  depic t  
impulsive noise r e s u l t i n g  from blade-tip vortex i n t e r a c t i o n s .  Tai l - rotor  
compressibi l i ty  noise  i s  a l s o  depicted i n  the same f i g u r e  by the  higher- 
frequency, smaller-amplitude negative-going pulses .  
A matrix of t e s t  condi t ions f o r  the  30"-down microphone p o s i t i o n  
f o r  the  UH-1H i s  shown i n  = igu re  2 4 .  It i s  q u i t e  apparent t h a t  BVI  no ise  
p l ays  a l a r g e r  r o l e  i n  the noise  r a d i a t i o n  of the UH-IH a t  t h i s  30O-down 
pos i t i on .  
Some Impulsive-Noise Power Spectra  
Although not  t he  only - or f o r  t h a t  matter the most important - 
method of analyzing impulsive noise  sources,  R power s p e c t r a l  dens i ty  
r ep resen ta t ion  of the c h a r a c t e r i s t i c  waveforms does ind ica t e  i n  what 
band of energy the  noise  is predominant. For t h i s  reason, the energy 
content i n  each of the  three  bas i c  waveforms is presented ( r e f .  11). 
Figure 25  i l l u s t r a t e s  t he  sound-pressure l e v e l  of the acous t i c  s ig-  
na tu re  measured i n  t h e  f a r - f i e l d  near t he  tip-path-plane (a = 3") f o r  t he  
80-knot l eve l - f l i gh t  condition. Frequencies up t o  800 Hz are shown. A t  
h igher  f requencies ,  t he  UH-1H a c o u s t i c  s igna tu re  drops i n t o  the  background 
no i se  levels. For reference,  the corresponding p res su re  time-history is  
a l s o  reproduced i n  t h e  upper right-hand corner of the  f i g u r e .  The domi- 
nant f e a t u r e  of t h i s  waveform i s  the  negative-pressure pulse  t h a t  causes 
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Figure 22.- Relative orientation of aircraft for acoustic measurements 
of UH-1H blade-vortex interaction noise. 
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Figure 23. -  Composite drawing showing dominant acous t ic  waveform 
fea tu res .  
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Figure 24.- Unaveraged acoustic signature of UH-1H vs forward airspeed 
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Figure 25.- In-plane LJH-1H acous t i c  power spectrum f o r  l e v e l  f l i g h t ,  
80 knots  IAS: CL = 3",  $ = 0 " .  
t h i s  pu lse  i s  contained i n  the  low-frequency harmonics, up t o  about 
150 Hz. The higher  harmonics decrease a t  a more r ap id  r a t e ,  being 20 dB 
down a t  300 Hz. Subjec t ive ly ,  t h i s  negative-pressure pulse  s igna tu re  
can be described as a smooth, loud thumping sound. 
The a d d i t i o n a l  harmonics generated as a r e s u l t  of blade-vortex i n t e r -  
ac t ion  are shown i n  f i g u r e  26. The waveform, which w a s  measured during 
descending f l i g h t  (400 f t /min)  a t  the  80-knot a i r speed ,  i l l u s t r a t e s  tbe 
occurrence of posi t ive-pressure pu l ses  t h a t  precede the  l a r g e r  negative- 
pressure  rise. Thei r  major con t r ibu t ion  t o  the power spectrum i s  i n  the  
higher  harmonics of blade-passage frequency (300 to 600 Hz). Although 
the  energy content  of these  pu l ses  i s  considerably less than t h a t  of t he  
negative-pressure dis turbance,  t h e i r  dominant presence a t  t h e  higher  
f requencies  is be l ieved  t o  be respons ib le  f o r  t he  c r i s p  popping o r  
s lapping cha rac t e r  i n  the  audib le  acous t i c  s igna ture .  
The l a s t  power spectrum, f i g u r e  27,  i l l u s t r a t e s  the  sound-pressure 
A 
level of t he  in-plane f a r - f i e l d  a c o u s t i c  s igna tu re  f o r  t he  high-speed, 
115-knot l e v e l - f l i g h t  condi t ion toge ther  with the  measured waveform. 
s t r i k i n g  inc rease  i n  acous t ic  levels a t  these  forward a i r speeds  is shown 
out  t o  1600 Hz. Even though the  UH-1H acous t i c  s igna tu re  exceeded back- 
ground no i se  l e v e l s  by a t  least 10 dB beyond these  frequencies ,  t he  da t a  
began t o  exceed t h e  dynamic range of the  tape-recording equipment and 
became l o s t  i n  e l e c t r o n i c  noise. Although i t  i s  d i f f i c u l t  t o  s epa ra t e  
r igorous ly  the  energy con t r ibu t ion  of the l a r g e  negative-pressure pulse  
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Figure 27.- UH-1H acoustic power spectrum, leve l  f l ight ,  115 knots IAS: 
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observat ions can be  made. The energy a t  t h e  low harmonics, as i n  t 
low-speed cases, i s  bel ieved t o  r e s u l t  p r i m a r i l y  from the  presence of the  
l a rge  negative-pressure pulse .  The sharpness and magnitude of the  follow- 
ing  increase  i n  pressure  causes most of t he  higher  frequency noise  shown. 
A s  noted previously,  t he  r e s u l t i n g  acous t i c  s i g n a l  i s  very in tense  and 
d e f i n i t e l y  dominates a l l  o ther  no ises  generated by the  he l i cop te r .  
A l l  of t he  da t a  shown so f a r  were taken on the  UH-1H he l i cop te r .  
The key opera t iona l  and design c h a r a c t e r i s t i c s  are shown i n  t a b l e  1. 
The main point  t o  note  i s  the  high main-rotor t i p  speed. In f a c t ,  the  
high t i p  speed is  responsible  f o r  t he  clean high-level impulsive s i g n a l s  
shown. I t  enabled good signal-to-noise l e v e l s  t o  be maintained throughout 
the tes t  program. 
TABLE 1.- UH-1H OPERATIONAL CHARACTERISTICS 
Rotor system design v a r i a b l e s  Main r o t o r  T a i l  r o t o r  
Number of blades 2 2 
Rotor diameter,  f t  48 8.5 
Rotor s o l i d i t y  0.0464 0.105 
Blade chord, i n .  21 8.41 
Blade a i r f o i l  NACA 0012 NACA 0015 
Blade t w i s t  ( roo t  t o  t i p ) ,  deg -10.9 0 
Ai rc ra f t  opera t iona l  l i m i t s  Maximum Minimum 
Main-rotor t i p  speeds, f t / s e c  813.8 740 .O 
Tai l - ro tor  t i p  speeds, f t / s e c  736.1 669.0 
Gross weight, l b  9 500 6600 
Forward f l i g h t  a i r speeds ,  knots  115 0 
Over the y e a r s ,  the  technique of using a " f ly ing  microphone" has  
been used by the  Aeromechanics Laboratory t o  measure the noise  of many 
he l i cop te r s .  More recent ly ,  A m e s  Research Center acquired a YO-3A and 
has  dedicated i t  t o  the  hel icopter-noise  measuring r o l e .  The var ious  
acous t i c  s igna tures  of a l l  k inds  of s ingle-rotor  he l i cop te r s  have more 
s imilar i t ies  than d i f fe rences .  For example, acous t i c  da t a  from a 
modern four-bladed he l i cop te r  i n  the  in-plane i n - t r a i l  pos i t i on  i s  
shown i n  f i g u r e  28. 
Notice t h a t  the  mechanisms are q u i t e  similar t o  those of two-bladed 
r o t o r s .  A sequence of pos i t i ve  BVI  impulses precedes the  high-speed 
thickness-noise expansion. However, ins tead  of two c h a r a c t e r i s t i c  wave- 
forms p e r  r o t o r  revolut ion,  w e  now see four ,  corresponding t o  the  four- 
bladed ro to r  system. 
The he l i cop te r  i s  i n  l e v e l  f l i g h t  a t  130 knots  IAS. 
Th i s  p a r t i c u l a r  he l i cop te r  has  a much lower main-rotor hover t i p  
speed than the UH-1H (RR 2 700 f t / s ec )  . However, as i n  most modern 
he l i cop te r s ,  i t  a l s o  c ru i se s  a t  much higher v e l o c i t i e s .  The n e t  r e s u l t  
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Figure 28.- Acoustic s igna ture  of a modern four-bladed he l i cop te r .  
is  a q u i t e  comparable advancing-tip Mach number on both h e l i c o p t e r s  i n  
c ru i se .  Therefore,  i t  is not  too su rp r i s ing  t o  f i n d  t h a t  the  acous t i c  
r a d i a t i o n  is q u i t e  similar i n  charac te r .  A s  we have seen, t he  advancing- 
t i p  Mach number p l ays  a key r o l e  i n  a l l  h e l i c o p t e r  acous t i c  problems. 
HIGH-SPEED IMPULSIVE NOISE 
Now tha t  w e  have reviewed the  necessary mechanisms f o r  impulsive 
noise  on two- and four-bladed he l i cop te r s ,  let u s  look more c lose ly  a t  
the  d e t a i l e d  aerodynamic o r i g i n s  of high-speed impulsive noise .  
t i c u l a r ,  w e  pose four  fundamental quest ions and a t t e m p t  t o  answer them 
i n  t h e  following sec t ions :  
I n  par- 
1. Can high-speed impulsive noise  be sca led ,  and, i f  so, what are 
the  sca l ing  parameters? 
2. Is the  r ap id  high-speed impulsive no i se  compression which 
fol lows the  expansion region a t  high advancing-tip Mach numbers a rad i -  
a t i n g  (delocal ized)  shock wave, and can i t  be measured? 
3. 
ment (i.e., how important are the  unsteady e f f e c t s ) ?  
4. 
Can high-speed impulsive noise  be  dupl ica ted  i n  a s teady environ- 
How accura t e ly  can high-speed impulsive noise  be pred ic ted?  
What degree of modeling is required? 
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Our t h e o r e t i c a l  r e s u l t s  so far have shown t h a t  a very few key non- 
dimensional v a r i a b l e s  con t ro l  much of the  acous t i c  r ad ia t ion .  The f a c t  
t h a t  high-speed impulsive noise  is predominately a noncompact (source 
and s inks  do not completely cancel  f o r  an in-plane observer) high-Mach- 
number (compressible) event would suggest t h a t  s m a l l  models could be made 
t o  dup l i ca t e  the fu l l - s ca l e  acous t i c  phenomena. This  f a c t  was demonstrated 
i n  two separa te  wind-tunnel experiments ( r e f s .  13 and 14).  I n  the  f i r s t ,  
a 1 / 7  sca led  UH-1H model ro to r  w a s  f ab r i ca t ed  and run i n  an acous t i ca l ly  
t r e a t e d  wind tunnel.  The da ta  were compared with fu l l - s ca l e  da t a  taken 
a t  s i m i l a r  nondimensional condi t ions.  A s  i l l u s t r a t e d  i n  f i g u r e  29,  model- 
to-ful l -scale  comparisons a r e  q u i t e  s t ra ight forward .  There are  no 
Doppler co r rec t ions  and da ta  records  up t o  1 min i n  dura t ion  are poss ib le  
a t  s teady-state  f l i g h t  condi t ions.  
FIXED ANGULAR POSITION 
AND SEPARATION DISTANCE 
STATIONARY MEDIUM 
FIXED FORWARD VELOCITIES 
(V) AND RATES OF DESCENT 
IN-FLIGHT ACOUSTIC TESTING 
ACOUSTICALLY 
STATIONARY MICROPHONE AND 
MODEL ROTOR HUB POSITION 
ACOUSTIC TESTING IN A WIND TUNNEL 
Figure 29.- Model and fu l l - sca l e  acous t i c  t e s t i n g .  
From dimensional a n a l y s i s  cons idera t ions ,  we know t h a t  there  e x i s t  
nondimensional v a r i a b l e s  which govern acous t ic  r ad ia t ion .  I f  w e  consider 
l i n e a r  thickness  noise , '  w e  have (eq. ( 2 ) )  
where t = T + r/ao.  i3ut 
'A nondimensionalization of t h e  complete i n t e g r a l  equation i s  given 
i n  r e f .  1 4 .  
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where X = l o c a l  blade surface s lope  and V = v e l o c i t y  of the: u 
flow a t  each blade s t a t i o n .  I f  we  assume geometric s ca l ing  and 
the nondimensional u n i t  of t i m e  t 5 t / ( 2 r / Q ) ,  then 
- 
- at 
7%- t = 7 +  
t - t = -  - r  , r = -  2n/Q ' 
d s  - 
R '  d s  = - R2 ( 5 )  
when Mt = QR/ao. Defining Gp(z,t) E P'(x,t)/(p,a:) ( i .e .*  a nondimen- 
s i o n a l  acous t i c  p re s su re ) ,  w e  have i n  nondimensional notat ion,  
where M = v/ao. 
Th i s  equation states t h a t  i f  t he  r o t o r ,  microphone geometry, Mach 
number, and t i m e  are scaled,  t h e  acoustic-pressure c o e f f i c i e n t  is 
uniquely determined. 
nondimensional b a s i s .  Instead,  a l l  pressures  are normally r e f e r r e d  t o  
sea-level standard condi t ions where comparisons of pressure t i m e -  
h i s t o r i e s  are made. For f u l l - s c a l e  data  taken a t  a l t i t u d e ,  t he  r e f e r r e d  
p r e s  su re  be comes 
However, most acous t i c  d a t a  are no t  compared on a 
Fo mode 1- cale d a t a ,  t h e  r e f e r r e d  pressure becomes 
(9) 
Therefore, by matching t h e  above nondimensional parameters, the 
r e f e r r e d  model-scale acous t i c  p re s su res  should dup l i ca t e  t h e  r e f e r r e d  
f u l l - s c a l e  acous t i c  measurements. Th i s  is  confirmed i n  f i g u r e  30 f o r  t h e  
U8-1H h e l i c o p t e r  i n  high-speed f l i g h t .  
r evo lu t ion  of model-scale d a t a  is  Q/Qm 
of fu l l - s ca l e  data .  (It should be noted t h a t  i n  t h i s  e a r l y  research,  
changes i n  
wind-tunnel model acous t i c  pressures;  however, v a r i a t i o n s  i n  a. were not. 
I t  i s  estimated t h a t  co r rec t ions  f o r  
levels shown by 6% - thus making the comparison less favorable.  
more recent  experimental research with very high q u a l i t y  model apd f u l l -  
scale d a t a  shows improved agreement (see r e f .  14).) 
Notice t h a t  the t i m e  f o r  one r o t o r  
t i m e s  t h e  t i m e  f o r  one revolut ion 
po w e r e  accounted f o r  when comparing fu l l - sca l e  pressures  t o  
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Figure 30.- Waveform comparison: f u l l - s c a l e  and model-scale 
high-speed data .  
It should be noted t h a t  t he  fu l l - s ca l e  da ta  w e r e  acquired a t  l a r g e r  
scale nondimensional d i s tances  than the model-scale r e s u l t s .  I f  t h i s  i s  
accounted f o r ,  t h e  peak negative-pressure comparison between model- and 
fu l l - sca l e  da t a  i s  q u i t e  good, as shown i n  f i g u r e  31. However, the model- 
da ta  peak amplitudes are i n  genera l ly  s l i g h t l y  smaller than the  fu l l - sca l e  
data.  
t o  be p a r t i a l l y  respons ib le  f o r  t h i s  discrepancy. 
The nonanechoic p rope r t i e s  of the  t r e a t e d  wind tunnel are bel ieved 
More recent sca l ing  tests on the  AH-1 series he l i cop te r  ( r e f .  14) 
have resolved most of the  model-scale/full-scale comparison d i f fe rences .  
A near ly  pe r fec t  match of peak amplitudes and pulse  shapes is  shown i n  
f i g u r e  32, 
l a r g e s t  anechoic wind tunnel (DNW) and are of very high qua l i ty .  
i n - f l i g h t  acous t i c  da t a  which are shown w e r e  taken with t h e  YO-3A a i r c r a f t .  
The model-scale acous t i c  data  were taken i n  the  world's  
The 
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Figure 31.- Peak negative-pressure amplitude comparison: fu l l - s ca l e  
and model-scale high-speed da ta .  
The pulse  shapes of both the  model and f u l l  scale have been averaged f o r  
comparison purposes. (For more d e t a i l s ,  see r e f .  14.) 
The model-scale/full-scale comparison i s  made even more convincing 
by consider ing o the r  than the  in-plane microphone pos i t ion .  Longitudinal- 
and l a t e r a l - d i r e c t i v i t y  comparisons are explored i n  f i g u r e  33 f o r  one 
advancing-tip Mach number ( r e f .  14) .  A s  shown, agreement is  the  bes t  a t  
t he  in-plane microphone pos i t i ons  but i s  s t i l l  very good a t  pos i t i ops  
under the  ho r i zon ta l  plane of t h e  he l i cop te r .  Data from these  W,-1 and 
AH-1 model-scalelfull-scale tests demonstrate t h a t  ca re fu l ly  designed 
and nondimensionally t e s t ed  small-scale models can dupl ica te  the  high- 
speed impulsive no i se  generated by fu l l - sca l e  ro to r s .  
I t  is  a l s o  i n t e r e s t i n g  t o  note  a t  t h i s  j unc tu re  t h a t  t h r u s t  plays 
only a secondary r o l e  i n  the in-plane high-speed impulsive noise  radia- 
t i o n  process.  Figure 34 p resen t s  t h e  v a r i a t i o n  of peak pressure  l e v e l s  
with changes i n  t h r u s t  c o e f f i c i e n t  f o r  a microphone posi t ioned near ly  
in-plane with t h e  plane of t he  r o t o r  f o r  the  UH-1 model ro to r .  The da ta  
ind ica t e  a remarkable i n s e n s i t i v i t y  t o  changes i n  th rus t .  
t he  s m a l l  v a r i a t i o n s  about t he  mean l i n e  of zero s lope t h a t  do e x i s t  are 
caused by v a r i a t i o n s  i n  t i p  Mach number about MAT = 0.9. 
Notice t h a t  
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Figure 32.- Comparison of model and ful l -scale  acoust ic  pressure f o r  an 
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(a) Longitudinal d irect iv i ty  (MAT = 0.896). 
Figure 33.- Comparison of model and ful l - sca le  impulsive noise  
d irect iv i ty .  
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30° OOWN NOISE SIGNATURES 
(b) Lateral d irec t iv i ty .  
























MH = 0.732 
p = 0.229 
CYTpp = -2’ 
1 1 I 1 
0 .02 .04 .06 .08 
CT/a 
Figure 3 4 . -  Peak pressure versus  changes i n  t h r u s t  c o e f f i c i e n t  
(UH-1H model ro to r ) .  
The rapid increase i n  the magnitude of t he  negative-pressure pulse 
with increasing advancing-tip Mach number is  reemphasized i n  f i g u r e  35, 
The s o l i d  curve w a s  obtained a t  varying advance r a t i o s  (0.091 t o  0.2641, 
and the  dashed curve w a s  obtained a t  a constant advance r a t i o  (0.229). 
The s i m i l a r i t y  of the  two curves over a range of advancing-tip Mach 
numbers (0.87 to 0.93) shows t h a t  for  high-speed impulsive noise,  
advancing-tip Mach number i s  the  dominant parameter. Small changes can 
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Figure 35.- Peak pressure versus  advancing-tip Mach number: 
wind-tunnel da t a  (UH-1H model r o t o r ) .  
r a d i a t i o n ,  i f  advancing-tip Mach number is held cons tan t .  To he l i cop te r  
des igners ,  t h i s  means t h a t  s m a l l  reductions i n  hover-tip speed o r  forward 
speed w i l l  s i g n i f i c a n t l y  reduce impulsive noise  through reduct ions i n  
MAT, but not through reduct ions i n  u .  
Notice a l s o  t h a t  a notable  d i f f e rence  i n  acous t i c  i n t e n s i t y  does 
between the  constant and varying advanc*e-ratio e x i s t  near MAT = 0.8 
cases. This  d i f f e r e n c e  is r e l a t e d  t o  t h e  r a d i a t i o n  e f f i c i e n c y  of steady 
and unsteady a c o u s t i c  source mechanisms. A t  r e l a t i v e l y  high hover t i p  
Mach numbers, MH = 0.73, and low advance r a t i o s ,  1-1 = 0 .09 ,  each r o t o r  
blade experiences only small v a r i a t i o n s  i n  the  l o c a l  Mach number around 
the  azimuth, implying t h a t  t h e  s teady compressible source mechanisms are 
the  most l i k e l y  r a d i a t o r s  of f a r - f i e l d  acous t i c  energy. A t  t h e  same 
MAT, but a t  the  lower hover-tip Mach numbers (MH 2 0.65) and t h e  higher 
advance r a t i o s  ( u  = 0 .229) .  s i g n i f i c a n t  v a r i a t i o n s  i n  the  rotor-blade 
l o c a l  Mach number occur and can be expected t o  exert more inf luence on 
the  r ad ia t ed  a c o u s t i c  f i e l d .  I n  t h i s  case, unsteady acoustic-source 
mechanisms become more pronounced, The d a t a  shown i n d i c a t e  t h a t  the 
steady r a d i a t o r s  of a c o u s t i c  energy are more e f f i c i e n t  gene ra to r s  of 
impulsive noise  than the  unsteady ones f o r  s imi la r  advancing-tip Mach 
numbers. 
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Perhaps the  m o s t  i n t e r e s t i n g  aspect  of high-speed he l i cop te r  noise 
is t h e  development of t h e  saw-toothed waveform a t  high advancing-tip 
Mach numbers. This is  shown i n  f i g u r e  36 together  with a p l o t  of the  
peak pressure versus  advancing-tip Mach number (MH i s  constant  and 1-1 
i s  varying) ( r e f .  1 3 ) .  I n  case A (MAT = 0 . 8 6 7 ) ,  a near-symmetrical 
pu lse  is  observed; t he  subjec t ive  q u a l i t i e s  could be described as a loud 
thumping. A s  the  advancing-tip Mach number is increased, the  symmetrical 
pulse  becomes saw-tooth i n  charac te r  (case B ,  MAT = 0.90); t he  waveform 
c o n s i s t s  of a l a r g e  decrease i n  pressure  followed by an extremely sharp 
increase  i n  pressure  (AP/At z 4X1O6 dynes/cm2/sec). 
harmonics) and i n t e n s i t y  of t h e  acous t i c  s igna tu re  are i t s  dominant fea- 
t u r e s .  
the  peak negative pressure  becomes very l a rge ,  and the  sudden rise i n  
pressure  becomes near ly  instantaneous (AP/At z lo '  dynes/cm2/sec). Some 
overshoot can be seen, p a r t  of which is real and p a r t  of which i s  due t o  
instrumentation bandwidth l imi t a t ions .  The noise  generated by t h i s  
l a t t e r  waveform i s  r i c h  i n  higher  harmonics and can be subjec t ive ly  
c l a s s i f i e d  as harsh and extremely in tense .  
Crispness (many 
A t  s t i l l  higher  advancing-tip Mach numbers (case C y  MAT = 0.9251, 
It i s  known t h a t  t h i s  rap id  increase  i n  pressure  (case C) is  a 
r ad ia t ing  shock wave. Early ind ica t ions  of i t s  formulation can be seen 
i n  case B a t  the lower advancing-tip Mach number. O f  course we  know 
t h a t  l o c a l  shock waves do e x i s t  near  the  t i p  of t h e  ro to r  blade through- 
out t h i s  Mach number range. However, t h i s  acous t i c  p l o t  suggests  t h a t  
these loca l  shock waves "delocalize" a t  a c e r t a i n  "tle'localizatioii Mach 
number" and propagate t o  the  acous t i c  f a r - f i e ld .  Below the  delocal iza-  
t i o n  Mach number (-0.9 fo r  t h e  NACA 0012 a i r f o i l ) ,  a l l  shock waves are 
confined t o  the  blade.  Above t h e  de loca l i za t ion  Mach number, shock waves 
on the sur face  of t he  blade r a d i a t e  as shock waves t o  the  a c o w t i c  f a r -  
f i e l d  (see r e f s .  20 and 22) .  
Although i t  is  obvious t h a t  such processes  as t ransonic  shock gen- 
e r a t i o n  and propagation are nonl inear ,  much can be learned by looking a t  
the  geometry of t h e  l i n e a r  aerodynamic/acoustic process.  
space-fixed t r a j e c t o r y  of a simple point  source near  the  t i p  of a r o t o r  
blade.  I ts  t r a j e c t o r y  i s  the epicycloid p a t t e r n  normally assoc ia ted  with 
the  shed t ip-vortex,  as shown i n  f i g u r e  37.  I f  a t  regular  azimuth angles  
($) a pulse  i s  emit ted i n  space and allowed t o  propagate a t  the  ambient 
speed of sound, depicted as  a c i r c l e  (a sphere i n  three  dimensions), 
these  pulses  form the  crescent-shaped wave shown. I n  e f f e c t ,  d i s tu r -  
bances are propagating away from a source moving a t  almost t he  ambient 
speed of sbund. A s  a r e s u l t ,  d is turbances accumulate and cause the  
"Doppler amplif icat ion."  A s  t h e  advancing-tip Mach number increases  
(higher rpm o r  forward speed), the accumulation of dis turbances becomes 
so g r e a t  a s  t o  form l o c a l  shocks and eventual ly  t h e  r ad ia t ing  shock wave. 
Th i s  accumulation process  i s  represented as a s ingu la r  i n t e g r a l ,  as w e  
have seen i n  equat ions  (1) and (2) .  
s i n g u l a r i t y  for t y p i c a l  ro to r  geometry. 
Consider the  
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Figure 36.- Waveform shape versus advancing-tip Mach number. 
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Figure 37.- Waves propagating from advancing b lade  (from r e f .  9 ) .  
When these  waves coa lesce  and a r a d i a t i n g  shock wave develops,  
shadowgraph and Sch l i e ren  techniques can be used t o  v i s u a l i z e  the  radia-  
t i o n  process .  Using short-durat ion,  h igh- in tens i ty  l i g h t  pu l se s ,  the  
r o t o r ' s  motion can be photographical ly  f rozen i n  space.  A top view of 
the r a d i a t i o n  process  i s  shown i n  f iguke 38 f o r  a r o t o r  with an  advancing- 
t i p  Mach number of 0.92. These e x c e l l e n t  photos were taken by J .  Tangler 
of an approximately 2-f t  diam model h e l i c o p t e r  r o t o r  ( see  r e f .  9 ) .  
The top view of t h i s  small  model-rotor experiment dramat ica l ly  
i l l u s t r a t e s  how l o c a l  d i s turbances  ( i n  t h i s  case shock waves) are  propa- 
gated t o  the  observer  i n  the f a r - f i e l d .  A t  J, = 48" ( f i g .  3 8 )  , a small- 
d i s turbance  f i e l d ,  which is q u i t e  d i f f u s e ,  i s  seen of f  t h e  t i p  of the  
ro to r .  When J, = 92", t h e  f i e l d  h a s  increased and moved s l i g h t l y  a f t  
along the  chord l i n e .  A t  J, 2 151", the  waves are d i s t i n c t l y  seen t o  
move forward again and are t raced  i n t o  the  reg ion  o f f  the  t i p  of the  
blade.  F ina l ly ,  a t  J, = 159", the  waves move forward of f  t h e  blade t i p  
and escape t o  the  a c o u s t i c  f a r - f i e l d .  
I t  should be noted t h a t  more than one wave appears  t o  emanate from 
the  t i p  of t he  r o t o r  i n  t h i s  top view. I t  is  be l ieved  t h a t  t h e  two waves 
are r e a l l y  the  ex tens ions  of the  upper and lower su r face  shock systems on 
the  blades.  I t  i s  most l i k e l y  t h a t  t h e  s t ronger  of t he  two r a d i a t i n g  
shocks i s  the  second wave emanating from the t i p  of t he  r o t o r .  Notice 
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Figure 38.- High-speed advancing-blade shock formation (from r e f .  9 ) .  
a l s o ,  however, t h a t  both waves coa lesce  i n t o  one wave as t h e  d is turbance  
propagates i n t o  t h e  f a r - f i e l d .  The add i t ive  na tu re  of t hese  r a d i a t i n g  
waves suggests  t h e  following explana t ion  f o r  t h e  weak r o l e  of t h r u s t  
changes on the  measured in-plane acous t i c  d i s turbances .  As t h r u s t  
increases ,  the  upper sur face  shock s t r eng th  inc reases  while t he  lower 
sur face  shock s t r e n g t h  decreases .  The net r e s u l t  i s  a near-constant 
acous t i c  l e v e l  as t h e  r a d i a t i n g  waves coa lesce  f a r  from t h e  r o t o r  t i p .  
Some of t he  aerodynamic d e t a i l s  of t h e  t i p  flow f i e l d s  themselves can be 
seen more c l e a r l y  i n  two-dimensional in-plane views of t h e  same three-  
dimensional event ( r e f .  13) .  
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Because most of t he  r a d i a t i o n  process  appears  t o  be  governed by 
A 
Doppler ampl i f i ca t ion ,  i t  is  l o g i c a l  t o  a sk  whether some of t h e  key 
parameters of high-speed impulsive noise  can be s tudied  i n  hover. 
"top view" of t h e  l i n e a r  a c o u s t i c  wave behavior is  sketched i n  f i g u r e  39 
f o r  a simple hovering impulse with a r o t a t i o n a l  Mach number of 0.9.  
Figure 39.- Linear  wave ampl i f i ca t ion  (Doppler e f f e c t s )  of a r o t a t i n g  
poin t  source: P$ = 0.9.  
A s  seen from t h i s  sketch,  a c rescent  shaped wave i s  formed which i s  
q u i t e  similar t o  the  one formed i n  the  forward-f l ight  t e s t i n g .  I n  the  
hovering environment, t he  acous t i c  r a d i a t i o n  processes  normally assoc ia ted  
with high-speed impulsive no i se  can only be a t t r i b u t e d  t o  s teady  (when 
viewed on a r o t o r )  aerodynamic events .  Therefore ,  the  mechanism of 
l i n e a r  ampl i f i ca t ion  can be s t u d i e d  without  regard  t o  the e f f e c t s . o f  
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per iod ic  force  o r  th ickness  v a r i a t i o n s  normally encountered i n  high- 
speed h e l i c o p t e r  forward f l i g h t ,  
To obta in  d a t a  of s u f f i c i e n t l y  h igh  q u a l i t y ,  t h e  high-speed hover 
acous t i c  da t a  w e r e  taken i n  the  Aeromechanics Labora tor ies '  Anechoic 
Hover Chamber. 
t o  be anechoic (without acous t i c  r e f l e c t i o n s )  down t o  110 Hz. A s  i l l u s -  
t r a t e d  i n  f i g u r e  40, flow r e c i r c u l a t i o n  is  avoided by al lowing quiescent  
a i r  t o  be drawn i n t o  the  room through a c o u s t i c a l l y  l i n e d  duc ts ,  c o l l e c t i n g  
the  wake of the  hovering r o t o r  through an annular  d i f f u s e r ,  and exhaust ing 
t h e  wake t o  the  outs ide .  I n  i t s  cu r ren t  conf igura t ion ,  t h e  test chamber 
can accommodate r o t o r s  from 1,5 t o  2.4 m i n  diameter.  
The chamber w a s  l i n e d  with polyurethane foam and designed 
Figure 40.- Anechoic hover chamber. 
One of t he  s a m e  r o t o r s  used 
i n  the  sca l ing  tests (a 1 / 7  scale 
of a UH-1H main r o t o r )  w a s  run f o r  
these  high-speed hover tests 
( r e f .  15) .  The geometr ical ly  
sca led  r o t o r  has  a NACA 0012 air- 
f o i l  s e c t i o n  with a root- to- t ip  
washout of 10.9'. Because t h r u s t  
appeared t o  be unimportant i n  t h e  
high-speed noise  genera t ion  pro- 
cess, a second set of untwisted 
but  geometr ical ly  sca led  r o t o r  
blades w a s  run a t  near-zero n e t  
t h r u s t .  Some s m a l l  p o s i t i v e  n e t  
t h r u s t  w a s  requi red  t o  avoid shed- 
wake i n t e r f e r e n c e  e f f e c t s .  The 
da ta  w e r e  taken wi th  a microphone 
loca ted  wi th in  t h e  t ip-path-plane 
of t h e  r o t o r  a t  a d i s t a n c e  of 
1 .5  r o t o r  diameters  ( r / D  = 1.5) 
from t h e  hub. Th i s  in-plane 
microphone p o s i t i o n  i s  c o n s i s t e n t  
wi th  t h a t  used i n  previous 
i n - f l i g h t  and wind tunnel  tests 
and is  i n  a p o s i t i o n  t o  measure 
the  most i n t ense  high-speed impul- 
sive s igna tu re .  
Figure 4 1  from reference 1 5  p resen t s  t he  measured a c o u s t i c  s i g n a t u r e  
a t  a hover t i p  Mach number (M,$ of 0.8. Two t i m e  scales are presented.  
Figure 41(a) d e p i c t s  two blade passages,  approximately one-half a complete 
r o t o r  revolu t ion .  Figure 41(b) i s  an expanded scale of t he  f i r s t  a c o u s t i c  
pulse .  The la t ter  is used t o  emphasize the  d e t a i l e d  waveform charac te r -  
i s t ics  of t he  measured pulse .  The most s t r i k i n g  f e a t u r e  of t h e  waveform 
a t  MT = 0.8 is  i t s  almost symmetrical cha rac t e r .  This  s a m e  cha rac t e r  
has  been observed i n  f u l l - s c a l e  and model-scale forward-f l ight  t e s t i n g  a t  
t i p  Mach numbers below t h e  d e l o c a l i z a t i o n  Mach number. 
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Figure 41.- UH-1H model blade acous t ic  pressure time-history, in-plane, 
rH/D = 1.5, % = 0.8. 
Figure 42 i l l u s t r a t e s  t h e  pressure time-history a t  a hovering t i p  
Mach number of 0.9. 
pulse has  increased dramatically and the  pulse  shape has now lost  i ts  
symmetry. 
amounts of high-intensity,  higher-frequency noise .  Again, t h i s  same type 
of waveform,was measured on t h e  same ro to r  system operating i n  forward 
f l i g h t  a t  an advancing-tip Mach number of 0.9. I n  t h i s  previous test, 
Schl ieren photographs were used t o  co r re l a t e  the  discontinuous increase 
i n  pressure with a rad ia t ing  shock wave. It is apparent t h a t  a similar 
phenomenon is occurring i n  t h i s  control led hover test. 
The peak negative-pressure amplitude of t h e  measured 
The r e s u l t i n g  saw-toothed waveform is known t o  generate large 
A t  a hover t i p  Mach number of 0.962 ( f ig .  43), the  saw-toothed pulse  
shape is f i rmly es tab l i shed  and t h e  negative pressure peak level has 
doubled from the  
pressure r e s u l t i n g  from a r ad ia t ing  shock wave exh ib i t s  some v a r i a b i l i t y  
from blade t o  blade. One pa r t i cu la r ly  i n t e r e s t i n g  aspect  of t h e  waveform 
shown i n  f igu re  43(b) is the  pulse  width. 
the  pulse  width w a s  observed t o  narrow with increasing ro tor - t ip  speed up 
t o  the  poin t  of waveform t r a n s i t i o n  from symmetrical t o  saw-tooth. Above 
t h i s  t r a n s i t i o n  point ,  f o r  example a t  
become la rger .  
% = 0.9 condition. The l a rge ,  discontinuous rise in  
At lower hover t i p  Mach numbers, 
% = 0.962, the  pulse  width has  
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Figure 42.- Acoustic pressure  time-history, i n  plane,  rH/D = 1.5, 
% = 0.9. 
wave) begins  t o  form. A t  s t i l l  higher  t i p  Mach numbers, the  c l a s s i c a l  
N-wave of sonic  boom research is l i k e l y .  
I n  addi t ion  t o  t h e  general  increase  of peak negative-pressure l e v e l  
w i t h  increasing hover t i p  Mach number, the  waveform t r a n s i t i o n  from 
symmetrical t o  saw-tooth dominates the  changing acous t i c  s igna ture .  
Figure 44 i l l u s t r a t e s  t h e  development of t he  r a d i a t i n g  waveform discon- 
t i n u i t y  as measured i n  hover a t  1 .5  diam away. 
i n  f i g u r e  44 shows t h a t  t r a n s i t i o n  occurs over a very small range i n  
hover t i p  Mach number from 0 .88 . to  0.90, with % = 0.89 being the  
poin t  of t r a n s i t i o n  f o r  the  test r o t o r .  T rans i t i on  w a s  found t o  be 
charac te r ized’by  a simultaneous increase  i n  peak negative-pressure l e v e l  
and the  following r ap id  pressure rise. 
highly unsteady, even under con t ro l l ed  ro to r  test  condi t ions.  
The sequence of waveforms 
Both events  w e r e  observed t o  be 
It  is  a l s o  i n s t r u c t i v e  t o  compare the  peak negative-pressure ampli- 
tude of t he  measured waveform ve r sus  hover t i p  Mach number ( f i g .  45). A 
veiry r ap id  increase  i n  l e v e l  is  not iced  a s  % approaches 0.9. However, 
as % 
not  as rap id ,  o r  t he  rate of i nc rease  of t h i s  peak negative-pressure 
l e v e l  with Mach number becomes smaller. 
increases  beyond 0.9 t o  MT = 1.0, t h e  increase  in peak l e v e l  is 





















- 1600 1 
e 15 msec- 9 2 msec * 
(a) (b) 
MT = 0.962 
Figure 43. -  Acoustic pressure time-history, in-plane, rH/D = 1.5,  
MT = 0.962. 
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Figure 4 4 . -  Waveform transition; the development of a radiating 
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Figure 45.- Peak negative-pressure level versus tip Mach number for 
ro to r  in hover and forward flight, in-plane, rH/D = 1.5. 
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shaded area d e p i c t s  t h e  degree of uns tea  
The v e r t i c a l  s o l i d  b a r s  r e f l e c t  d a t a  taken w i t h  the UH-1H model tw i s t ed  
b l ades ,  and t h e  dashed v e r t i c a l  b a r s  are f o r  t h e  same dimension model 
r o t o r  us ing  untwisted blades.  
un twis ted  r e s u l t s  i s  good. T h i s  r e s u l t  g i v e s  f u r t h e r  support  t o  t he  
i d e a  t h a t  a t  t h e  in-plane microphone p o s i t i o n ,  r o t o r  t h r u s t  is  not  a 
primary a c o u s t i c  parameter 
i n  the  
The c o r r e l a t i o n  between twi s t ed  and 
The most remarkable observa t ion  about t h e  hovering r o t o r  d a t a  i s  
t h e i r  s i m i l a r i t y  t o  t h e  model-scale a c o u s t i c  d a t a  taken i n  forward 
f l i g h t .  Although t h e  amplitude of t he  hovering d a t a  is l a r g e r  than 
t h a t  of t he  wind-tunnel da t a ,  i t s  shape and cha rac t e r  are remarkably 
similar. A s  i n  forward f l i g h t ,  t he  wave changes cha rac t e r  a t  a t i p  
Mach number of 0.9 - r a d i a t i n g  shock-like d i s tu rbances  t o  t h e  acous t i  
f a r - f i e l d .  The major mechanisms of t he  high-speed impulsive-noise phe- 
nomenon are p resen t  i n  t h i s  s imple hovering r o t o r  experiment. This  f a c t  
w i l l  become more and more ev iden t  as the  d i scuss ion  proceeds. 
It  is  n a t u r a l  t o  ques t ion  the accuracy of t h e  model-rotor experi-  
ment. A major concern i s  the  accu ra t e  measurement of t h e  r o t a t i o n a l  t i p  
Mach number. For tuna te ly ,  t h e  experiment has been repea ted  many t i m e s  
i n  a t  least t h r e e  d i f f e r e n t  f a c i l i t i e s  throughout t he  world. More 
r e c e n t l y ,  humidity e f f e c t s  on Mach number have been accounted f o r .  The 
r e s u l t s  shown h e r e  have been c o n s i s t e n t  and reproducib le  wi th in  about 
a 210% e r r o r  i n  abso lu t e  amplitude.  
t r e n d s  are a l s o  reproducib le  t o  wi th in  0.005 of a Mach number. 
All d e l o c a l i z a t i o n  Mach-number 
The s i m p l e  hovering r o t o r  is  a n a t u r a l  place t o  begin t o  compare 
a c o u s t i c  theory wi th  experiment. Experimentally,  i t  has  been shown t h a t  
t h r u s t  p l ays  a s m a l l  r o l e  ( i f  any) i n  the  in-plane noise  r a d i a t i o n .  I f  
a l l  nonl inear  e f f e c t s  are a l s o  neglected ( T i j  = 0) ,  we can c a l c u l a t e  t he  
l i n e a r  th ickness  no i se  equat ing the  f i r s t  two terms of equat ion  (1) t o  
zero and so lv ing  t h e  r e s u l t i n g  i n t e g r a l  equat ion:  
For tuna te ly ,  t h e  e n t i r e  right-hand s i d e  of t h i s  equat ion i s  known. The 
major complicat ions are the  c o r r e c t  handl ing of t h e  r e t a rded  t i m e  which 
is complicated by t h e  geometry of t h e  r o t o r  problem ( r e f .  8). However, 
t h e  t i p  Mach number of normal h e l i c o p t e r  r o t o r s  i s  less than 1.0, f a c i l i -  
t a t i n g  a s i m p l e  and s t r a igh t fo rward  c a l c u l a t i o n  of equat ion  (10). 
The numerator of t he  right-hand s i d e  of equat ion  (10) r e p r e s e n t s  t he  
equ iva len t  a c o u s t i c  sources  (monopoles) t h a t  are c rea t ed  because each 
segment of t he  f i n i t e - t h i c k  r o t o r  b lade  must d i s p l a c e  mass as i t  moves 
through the  medium. Thus, t he  p o r t i o n s  of t h e  b lade  t h a t  push f l u i d  away 
from the  blade are represented  as acous t i c  monopole sources ;  those  t h a t  
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Figure 46 . -  Monopole acous t i c  sources.  
small-perturbation theory f o r  a s lender  two-dimensional body, the normal 
component of sur face  ve loc i ty  i s  expressed as follows: 
vn 2 V ( loca l  surface s lope)  
where V is the  l o c a l  free-stream ve loc i ty  of the  blade element (QR f o r  
the  hovering r o t o r ) .  
A s  shown i n  the  simple geometrical  p a t t e r n s  of a hovering ro to r  
( f ig .  3 9 ) ,  exac t ly  how the acous t i c  waves are co l l ec t ed  i n  space is an 
important p a r t  of t h i s  l i n e a r  acous t ic  problem. 
the retarded t i m e  is  e s s e n t i a l ,  f o r  i t  governs the  ampl i f ica t ion  f a c t o r ,  
1/(1 - Mr) of equat ion ( lo ) ,  a s  w e l l  as keeping t r ack  of when the wave 
propagation from the  s i n g u l a r i t i e s  i n  motion ac tua l ly  reach the  observer.  
Correct t reatment  of 
Consider a simple hovering poin t  s i n g u l a r i t y  (top view) which e m i t s  
a dis turbance a t  pos i t i on  "P" t h a t  t r a v e l s  a t  the  ambient speed of 
sound i n  the  medium and a r r i v e s  a t  the  observer ' s  pos i t i on  ''0" a t  some 
t i m e  l a te r ,  r/ao ( f ig .  47). The ve loc i ty  of t h e  poin t  "P" a t  any 
i n s t a n t  of t i m e  is QR, and M r  is the  component of t h a t  ve loc i ty  
vec tor  along the r d i r e c t i o n  divided by the  speed of sound. From the 
given geometry, observer t i m e  is  r e l a t e d  t o  emission t i m e  T by the  
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Figure 47.- Retarded t i m e  f a c t o r .  
Therefore,  a po in t  source which w a s  emitted at the  re ta rded  time T 
takes  time r ( t , - r ) /ao  t o  t r a v e l  t h e  d i s t ance  r a r r i v i n g  a t  t i m e  t. 
If the  r o t o r  is  r o t a t i n g  a t  angular  veJoci ty  $2, then pu l ses  t h a t  are 
emitted a t  se l ec t ed  azimuthal pos i t i ons ,  I#($ 5: h2-c) obey the  expression 
d.r 1 
d t  1 - Mr - =  
which is  p l o t t e d  i n  f i g u r e  47. Figure 47 shows t h a t  as the  Mach number 
approaches 1, a l a r g e  reg ion  of blade azimuth c o n t r i b u t e s  to a narrow 
p u l s e  width. The r e s u l t  is an inherent  ampl i f i ca t ion  of local source 
effects  by the  f a c t o r  1/(1 - Mr) which i s  i l l u s t r a t e d  i n  f i g u r e  48. 
P a r t  of t h i s  ampl i f i ca t ion  of acous t i c  energy is ' e x p l i c i t l y  
accounted f o r  i n  equat ion (10). The Doppler f a c t o r ,  1/(1 - M r ) ,  which 
is the  Jacobian of a coordinate  t ransformation,  a l ready  appears  i n  the 
acous t ic  source t e r m  and r ep resen t s  t he  formation of a v e l o c i t y  p o t e n t i a l  
wave with respec t  t o  the  medium. A second Doppler f a c t o r  is i m p l i c i t  in 
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SOURCE POSITION ANGLE, 527 = I) 
Figure 48.- Retarded t i m e  f ac to r .  
equat ion (10) and does not e n t e r  u n t i l  the  t ime-derivative of the poten- 
t i a l  Eunction i s  taken. I n  each case, large-amplif icat ion e f f e c t s  a r e  
evident  as advancing-tip Mach numbers approach 1. 
s i o n s  show t h a t  t he  blade t i p  is  acous t i ca l ly  the  most e f f i c i e n t  por t ion  
of t he  ro to r ,  wi th  acous t i c  e f f i c i e n c y  decaying rap id ly  f o r  inboard 
r a d i a l  pos i t ions .  It can a l s o  be concluded from f i g u r e  48 t h a t  t he  
dominant azimuthal source p o s i t i o n  i s  near t he  tangency poin t  of a 
s t r a i g h t  l i n e  drawn from the  observer t o  the  c i r c l e  described by the  t i p  
of t he  ro to r .  A t  t h i s  azimuthal pos i t ion ,  a l l  l i n e  sources  along the  
r o t o r  blade a r r i v e  a t  the  observer pos i t i on  a t  approximately the  same 
t i m e  . 
These simple expres- 
The f i n a l  eva lua t ion  of t he  i n t e g r a l  of t he  monopole sources  is 
performed by d iv id ing  the  r o t o r  blade i n t o  chordwise and spanwise ele- 
ments and by summing each con t r ibu t ion  according t o  the  geometric r u l e s  
previously discussed. F ina l ly ,  a t i m e  d i f f e r e n t i a l  i s  performed y ie ld ing  
the  acous t ic  p re s su re  a t  the  observer  loca t ion .  Therefore,  equation (10) 
becomes 
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R n  
a 
PO P ' ( x , t )  .z 2 - a t  
Additional d e t a i l s  descr ibing these  computational procedures can be 
found i n  reference 8. 
A comparison between l i n e a r  thickness  c a l c u l a t i o n s  f o r  hover versus  
the  experimental d a t a  previously presented is  shown i n  f i g u r e s  49-52 f o r  
s eve ra l  d i f f e r e n t  hover t i p  Mach numbers ( r e f .  15). The s t r i k i n g  fea- 
t u r e s  of t he  comparison between theory and experiment in hover at 
MT P 0.8 ( f i g .  4 9 )  are the s i m i l a r i t y  i n  pu l se  shape and t h e  discrepancy 
i n  peak pressure levels. 
numbers below 0.9, thickness-noise theory misses t h e  measured negative- 
pressure peak l e v e l s  by a f a c t o r  of about 2. 
A s  i n  forward f l i g h t  a t  advancing-tip Mach 
The comparison of theory and experiment as MT i s  increased t o  
0.88 ( f i g .  50) remains s imi la r  t o  t h a t  made a t  
shape is s t i l l  gene ra l ly  symmetrical but  the peak negative-pressure 
l e v e l  i s  underpredicted by s l i g h t l y  more than a f a c t o r  of 2. 
noted previously,  % = 0.88 
Mach number f o r  waveform t r a n s i t i o n ,  a t  least as measured a t  
with the tes t  r o t o r .  
MT = 0 . 8 .  The waveform 
AS w a s  
r H  = 1.5 
i s  s l i g h t l y  less than the de loca l i za t ion  
- -  * 2 msec 
MT = 0.8 
Figure 49.- Comparison of theory with experimental p re s su re  t i m e -  
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Figure 50.- Comparison of theory with experimental p ressure  t i m e -  
h i s t o r y ,  in-plane, r,/D = 1.5, M,. = 0.88. 
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Figure 51.- Comparison of theory with experimental  p ressure  t i m e -  
h i s t o r y ,  in-plane, r H / D  = 1.5, 3 = 0.9. 
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Figure 52.- Comparison of theory and experimental p ressure  t i m e -  
h i s t o r y ,  in-plane, r H / D  = 1.5, % = 0.962.  
A t  hover t i p  Mach number of 0 .9 ,  the  s i t u a t i o n  becomes even worse 
( f ig .  51 ) .  The amplitude of t h e  peak negative-pressure pulse  is  again 
underpredicted,  by a f a c t o r  of about 2. However, as ind ica ted  previously,  
t twre is a l s o  a dramatic change i n  the  waveform of the experimental da t a  
t h a t  i s  not  pred ic ted  by the l i n e a r  theory.  
The comparison becomes even more” in t r igu ing  a t  a hover t i p  Mach 
number of 0.962 ( f i g .  52). The t h e o r e t i c a l  waveform is st i l l  symmetrical 
and general ly  smooth i n  shape and thus does not  compare favorably with 
the measured da ta .  I n  addi t ion ,  theory now only s l i g h t l y  underpredicts  
the  peak negative-pressure amplitude of t he  pulse .  Also, as previously 
noted, the  measured pulse  width is becoming wider,  whereas the  l i n e a r  
theory p r e d i c t s  a more narrow pulse  width wi th  increas ing  hover t i p  Mach 
number. I n  f a c t ,  the experimental  pu lse  width (measured a t  zero  pressure)  
exceeds by a t  least 50% the width expected (by l i n e a r  theory) from an 
a i r f o i l  of chord equal  t o  t h a t  of the  model r o t o r  t e s t e d  and t r ave l ing  
a t  sonic  ve loc i ty .  
events  o f f  the  r o t o r  blade t r a i l i n g  edge are con t r ibu t ing  t o  the  measured 
acous t ic  s igna ture .  
Th i s  pulse-widening e f f e c t  suggests  t h a t  aerodynamic 
The d i f f e rence  i n  peak negative-pressure l e v e l s  between l i n e a r  mono- 
pole theory and experiment can be seen more clearly i n  f i g u r e  53. 
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Figure 53.- Comparison of theory and experiment in hover, in-plane. 
rH/D = 1 .5 .  
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It is tempting t o  a t t r i b u t e  the lack  of c o r r e l a t i o n  w i t h  expe r imnt  
t o  the  s impl i c i ty  of t h e  l i n e a r  t h e o r e t i c a l  model. 
remaining l i n e a r  "dipole" t e r m s  w e r e  included ( the  second term i n  
eq. (l)), the  agreement with measured da ta  might be b e t t e r .  Th i s  w a s  
t r i e d  i n  reference 16 f o r  a r o t o r  with pred ic ted  va lues  of loading and 
sk in  f r i c t i o n  s u i t a b l y  chosen t o  act as pressure  dipoles .  
t h e o r e t i c a l  t ime-his tor ies  are almost ind is t inguishable  from the  simple 
l i n e a r  monopole ca l cu la t ions  previously presented. 
shown i n  f igu re  54 f o r  hover t i p  Mach numbers of 0.8 and 0.9. 
Perhaps i f  t he  
The r e s u l t h g  
The comparison is 
These r e s u l t s  w e r e  no t  t oo  surpr i s ing .  S imi la r  conclusions were 
drawn i n  reference 8 f o r  a high-speed r o t o r  i n  forward f l i g h t  from 
order-of-magnitude and pulse-shape arguments. I n  addi t ion ,  most of the  
experimental  da t a  had suggested t h a t  the high-speed noise  phenomenon w a s  
not  dependent on t h r u s t  o r  torque a t  constant  Mach number. 
The major conclusion from a l l  of these l i n e a r  acous t i c  analyses  is 
t h a t  they do not  adequately descr ibe  the  in-plane noise r ad ia t ion  pro- 
cesses from a high-tip-speed hovering ro to r .  There have been some 
e f f o r t s  t o  co r rec t  t h i s  s i t u a t i o n  by improving the  modeling (improving 
the s p e c i f i c a t i o n  of t he  boundary condi t ions)  i n  the  l i n e a r  formulation. 
I t  can be argued t h a t  ro to r - t i p  end-plate ( r e f .  17) and boundar 
separa t ion  e f f o r t s  increase  t h e  amplitude of the symmetrical pulse .  The 
importance of the  l a t te r  e f f e c t  can be seen i n  f i g u r e  55. Th i s  end view 
of a NACA 0012 r o t o r  a t  near zero  l i f t  ( r e f .  33) i s  a holographic i n t e r -  
ferogram of the  in t eg ra t ed  three-dimensional flow f i e l d  surrounding the  
t i p  of a hovering UH-1H model r o t o r  a t  the t i p  Mach number of 0.9.  It  
i s  q u i t e  apparent t h a t  l o c a l  shock waves on the  sur face  of t h e  blade 
i n t e r a c t  with the boundary l a y e r  causing an enlarged separated flow 
region: A r igorous treatment of t h i s  problem i s  not  usua l ly  attempted, 
f o r  i t  would be necessary t o  model t h e  boundary l a y e r  and separated-flow 
e f f e c t s  i n  equat ion (10)- Ins tead ,  an "equivalent a i r f o i l "  comprising 
the o r i g i n a l  a i r f o i l  p lus  the ou te r  edges of t he  separated-flow region 
i s  def ined.  This  new equivalent  a i r f o i l  i s  then used i n  equat ion (10) 
t o  de f ine  the  s t r e n g t h  of t he  d i s t r i b u t e d  acous t i c  sources.  I f  t h i s  i s  
done, it i s  r e l a t i v e l y  easy t o  show t h a t  t he  peak negative-pressure 
ca l cu la t ions  would increase  s u b s t a n t i a l l y  (they approximately double f o r  
each doubling of the  e f f e c t i v e  a i r f o i l  chord a t  constant  th ickness) .  
Although t h i s  e f f e c t  has  been known f6r many years ,  most researchers  do 
not  l i k e  t o  incorporate  such a n  es t imat ion  i n  a "f i r s t -p r inc ip l e s"  analy- 
sis. The methods of es t imat ing  j u s t  how th i ck  o r  extended the  separa t ion  
region i s  on a three-dimensional r o t o r  i n  the t ransonic  regions and how 
t o  model the  equiva len t  a i r f o i l  f o r  noise  purposes are not  w e l l  defined 
o r  even completely understood. I n  addi t ion ,  none of these co r rec t ions  
pred ic t  the  development and r a d i a t i o n  of the de loca l ized  shock wave above 
a hover t i p  Mach number of 0.9 f o r  a sca led  UH-1H ro to r .  Clear ly ,  the  
r ad ia t ion  processes a t  these h igh  t i p  speeds are governed to  a l a rge  
ex ten t  by t ransonic  e f f e c t s .  These must be accounted f o r  i n  t h e  theo- 
re t ical  modeling. 
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Figure  55,- Interferogram recorded a t  180" (chordwise view). 
The most s t ra ight forward  approach t o  t h e  nonl inear ,  high-speed 
acous t i c  problem might appear  t o  be t o  simply inc lude  t h e  "quadrupoles" 
i n  equat ion (1 ) .  However, equat ion  (1) is  i n  r e a l i t y  an i n t e g r a l  equa- 
t i o n  which has  no simple a n a l y t i c a l  s o l u t i o n ,  Some degree of approxima- 
t i o n  is  necessary t o  proceed w i t h  t h i s  approach., These approximations 
w i l l  r e l y  on what we know about t h e  problem phys ica l ly .  
can b e  gained by switching "hats" and formulat ing t h e  problem as a 
t r anson ic  aerodynamist . 
Such i n s i g h t  
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i t h  t h e  classical p o t e n t i a l  equat ion  i n  a space-fixed 
coord ina te  system, Assuming cons t an t  s p e c i f i c  h e a t s  and weak shocks 
( i e e e 9  n e g l i g i b l e  entropy i n c r e a s e s ) ,  we have 
a+ 1 grad -+ - grad $I e grad[ (grad  a t  2 - -  a 2 $  a 2 V 2 $ I  + 2 g rad  $I = 0 a t 2  
where $ r e p r e s e n t s  t h e  v e l o c i t y  p o t e n t i a l  and a i s  t h e  l o c a l  speed of 
sound. For tuna te ly ,  t h e  aerodynamics of a hovering r o t o r  are b a s i c a l l y  
s teady  when viewed from a blade-f ixed frame. Therefore ,  fol lowing the  
work of Isom ( r e f .  19) and r e fe rences  20-22, t h e  governing p o t e n t i a l  
equat ion can be transformed t o  blade-f ixed c y l i n d r i c a l  coord ina te s  and 
expanded t o  second-order y i e l d i n g  t h e  following: 
where 
w angular  r o t a t i o n  rate 
a, undis turbed speed of sound 
1: r a d i a l  d i s t ance  from the  a x i s  of t he  c y l i n d r i c a l  coord ina te  system 
y r a t i o  of s p e c i f i c  h e a t s  
Th i s  nonl inear  bu t  s teady second-order p a r t i a l  d i f f e r e n t i a l  equat ion 
governs the  t r anson ic  aerodynamics of t he  hovering r o t o r .  I n  add i t ion ,  
i t  governs how d i s tu rbances  propagate away from t h i s  r o t a t i n g  coord ina te  
system (acous t i c  waves). A t  t h e  present  t i m e ,  no closed-form s o l u t i o n s  
t o  t h i s  equat ion e x i s t .  A procedure adopted by some re sea rche r s  i s  t o  
numerical ly  so lve  l i m i t e d  reg ions  of t he  aerodynamic flow f i e l d  
(refs. 23 and 2 4 ) .  Others  have chosen t o  so lve  t h e  nonl inear  a c o u s t i c  
f a r - f i e l d ,  using weak-shock theory  ( r e f .  25).  A s  we s h a l l  see, n e i t h e r  
is  a completely s a t i s f a c t o r y  s o l u t i o n ,  f o r  t he  nonl inear  aerodynamic 
and a c o u s t i c  f i e l d s  are interwoven. 
The choice of a c y l i n d r i c a l  coord ina te  system whose a x i s  is  a l igned  
with the  r o t o r  i s  sketched i n  f i g u r e  56. 
coordinate  system sees a free-s t ream v e l o c i t y  t h a t  i nc reases  l i n e a r l y  
from zero  a t  the  o r i g i n  t o  w r  a t  r. A s  i nd ica t ed ,  t h i s  i nc reas ing  
free-stream v e l o c i t y  cont inues ou t  p a s t  t he  t i p  of t he  r o t o r ;  i t  w i l l  be  
shown t o  be important t o  many of t h e  arguments t o  come. 
An observer  r i d i n g  i n  t h i s  
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Figure 56.- CylindricaS’ coordinate  system. 
Before at tempting t o  solve equation (17), i t  is i n s t r u c t i v e  t o  
follow the  approach of re ferences  19 and 21 and explore t he  behavSor of 
t he  governing equat ion.  I t  is known from the  theory of p a r t i a l  d i f f e r -  
e n t i a l  equat ions t h a t  the  c o e f f i c i e n t  of 
a c t e r  of the p o t e n t i a l  equation. For when 
$00  governs the  genera l  char- 
<O : e l l i p t i c  behavior 
>O : hyperbol ic  behavior 
However, A t akes  a more recognizable form a f t e r  some f u r t h e r  
manipulation: 
Using t h e  energy equat ion,  t h i s  becomes 
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Defining U, = w r ,  = -ur, we obtain 
The las t  term i n  t h e  b racke t s  of equation (18) can be neglected.  It is 
second order  t o  A and 
p o t e n t i a l  equation. I f  
- Mg, = 
t he  c o e f f i c i e n t  of 
a third-order c o r r e c t  ion t o  the second-order 
we now de f ine  t 
u, + u 
= l o c a l  Mach number a 
(eq. ( 1 7 ) )  becomes 
Therefore,  the general  behavior of the second-order t ransonic  p o t e n t i a l  
equation is  governed by the l o c a l  Mach number of the flow. I f  M% < 1.0, 
then A < 0, and , the  governing equation i s  e l l i p t i c .  
wave-like s t r u c t u r e  i s  possible .  However, i f  Mg, > 1.0, then A > 0, and 
the  governing nonl inear  p a r t i a l  d i f f e r e n t i a l  equation i s  hyperbolic.  
Then, c h a r a c t e r i s t i c s  are formed along which dis turbances can propagate 
i n  a wave-like manner. It  is  a l s o  important t o  r e a l i z e  t h a t  t he  l o c a l  
Mach number Mg, is’ dependent on the free-stream v e l o c i t y  w r ,  the l o c a l  
speed of sound a, and the l o c a l  pe r tu rba t ion  ve loc i ty  u = -+e/r .  Each 
contr ibut ion.  is  sepa ra t e ly  i d e n t i f i a b l e  i n  equat ion (19). 
I n  t h i s  case, no 
These ideas  are q u i t e  u s e f u l  when one is  attem$ting t o  explain the  
phenomenon of de loca l i za t ion  f o r  t h e  hovering r o t o r  experiment described 
previously.  T h i s  connection w a s  t h e o r e t i c a l l y  suggested i n  references 22 
and 25, numerically ca l cu la t ed  i n  references 20 and 21, and experimentally 
confirmed i n  r e fe rence  22. I n  the  following paragraphs, t he  r e l a t i o n s h i p s  
are experimentally shown t o  depend on the l o c a l  Mach number of flow. 
Three d i s t i n c t  cases are considered: 
freedom has been taken with t h e  graphics  i n  the i n t e r e s t  of present ing a 
clear p i c t u r e  of t he  basic  r e l a t i o n s h i p s  involved. The da ta  are the same 
as those reported i n  reference 20. I n  the f i g u r e s  t h a t  follow, the top 
views are sketches of events  pieced together with l imi t ed  experimental 
data ,  and the a f t  views are, f o r  t he  most p a r t ,  i n t e r p o l a t i o n s  of experi-  
mental data.  
MT = 0.85, 0.88, and 0.90. Some 
Figure 57 d e p i c t s  the top and a f t  views of a r o t o r  operat ing a t  a 
free-stream t i p  Mach number (MT) of 0.85. A l o c a l l y  supersonic  region 
e x i s t s  near t h e  t i p  of the r o t o r .  
even though wr/ao a l l  along the  blade span is less than 0.85. The 
hyperbolic na tu re  of t h i s  pocket of supersonic flow is  a r e s u l t  of l o c a l  
aerodynamic n o n l i n e a r i t i e s  (i.e., changes i n  t h e  l o c a l  speed of sound, a, 
and l o c a l  pe r tu rba t ion  ve loc i ty ,  u ) .  Surrounding t h i s  l o c a l l y  supersonic 




Figure 57.- Top and a f t  views of shock boundaries of a rotor, 
% = 0.85. 
flow is  a subsonic flow region, MR e 1.0, i n  which the governing potential 
equat ion is e l l i p t i c .  No wave-like behavior is poss ib le  through t h i s  
compressible e l l i p t i c  region. However, as r increases  beyond the  t i p  
of the blade,MI1 aga in  becomes g r e a t e r  than 1 because of t he  l i n e a r l y  
increas ing  free-stream ve loc i ty  f i e l d  of the blade-fixed c y l i n d r i c a l  
coordinate  system. For t h i s  region u J 0, a = aO, so 
The sur face  where t h i s  f i r s t  happens h a s  been c a l l e d  the  sonic 
cyl inder  ( r e f s .  22 and 25). A t  r a d i i  l a r g e r  than the  sonic  cy l inde r ,  
the  equat ion aga in  becomes hyperbol ic ,  Gad wave-like propagation i s  cer- 
t a in .  
b o l i c  pocket of flow near  the  blade t i p .  Wave-like d is turbances  i n  t h i s  
region terminate  on the  boundary o f  an e l l i p t i c  region where they no 
longer propagate i n  c h a r a c t e r i s t i c  d i r ec t ions .  The wave-like charac te r  
of t he  inner  pocket is thus broadened as information passes through the 
e l l i p t i c  region t o  the  sonic  cy l inder .  These broadened d is turbances  are 
then propagated i n  a wave-like manner throughout t he  ou te r  hyperbol ic  
region. 
s igna tu re  i n  the f a r - f i e ld .  
The acous t i c  impl ica t ions  of t h i s  0.85 case  begin i n  the  hyper- 
The r e s u l t  is a smoothly varying, near-symmetrical acous t i c  
The competing phenomena become even more t e r e s t i n g  when the  undis- 
turbed free-stream t i p  Mach number of t he  r o t o r  %) is increased t o  
0.88 ( f ig .  58). The inner supersonic  (hyperbolic) region grows and 
extends off  the  t i p  of the  r o t o r  - again being dr iven  by local aerody- 
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Figure 58.- Top and a f t  views of shock boundaries of a r o t o r ,  
= 0.88. 
number of t h e  ro to r  decreases  the  r ad ius  of the  sonic  cy l inder ,  thus 
moving the  outer  hyperbolic region toward the  r o t o r  t i p .  I n  addi t ion ,  
t he  proxiniity of t he  l i n e a r ' s o n i c  cyl inder  t o  the  blade t i p  introduces 
aerodynamic n o n l i n e a r i t i e s .  These tend t o  warp the  sonic  cy l inder  
inward, bringing the  two'hyperbolic regions even c lose r  together .  How- 
ever ,  'the hyperbolic regions do not overlap,  thus ensuring t h a t  l o c a l l y  
generated waves i n  the inner region do not propagate along charac te r i s -  
t ics  t o  the hyperbol ic  far-f i e l d .  
a r e  forced t o  p a s s  through a s m a l l  e l l i p t i c  region where they are 
broadened before en te r ing  the outer  hyperbol ic  region f o r  propagation 
t o  the f a r - f i e ld .  The r e s u l t i n g  acous t ic  s igna tu re  becomes more saw- 
toothed i n  charac te r ,  but does not  conta in  r ad ia t ing  shocks. 
In-stead, the  wave-like dis turbances 
1 
The l a s t  and most i n t e r e s t i n g  condi t ion,  i n  which the l o c a l  f ree-  
stream t i p  Mach number i s  increased t o  0.9,  i s  sketched i n  f igu re  59. 
The locabized inner  hyperbol ic  and outer  hyperbol ic  regions connect of f  
the blade t i p ,  forming one continuous supersonic region (ME > 1.0). In  
t h i s  case,  shock waves t h a t  are generated on the sur face  of t he  ro to r  
now propagate uninterruptedly i n  a r a d i a l l y  outward c h a r a c t e r i s t i c  
d i r e c t i o n  t o  t h e  acous t i c  f a r - f i e ld .  
nomenon.is qu i t e  s t r i k i n g ,  f o r  the  charac te r  and the i n t e n s i t y  of the 
acous t ic  s igna ture  change dramatical ly .  A t  a l l  th ree  of these condi- 
t i ons ,  tneasured va lues  of l o c a l  Mach number support and explain the 
phenomenon of " t ransonic  delocal izat ion."  
The r e s u l t i n g  de loca l i za t ion  phe- 
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Figure 59.- Top and aft views of shock boundaries of a rotor, the 
development of delocalization phenomenon, % = 0.9. 
Further confirmations of the mechanism of delocalization can be made 
theoretically using existing transonic aerodynamic codes (see refs.  26-28). 
An example calculation for this rotor in hover is shown i n  figure 60, the  
work of Shenoy (ref. 29) using the transonic code of reference 27. The 
agreement between theory and experiment is quite good - conclusively 
demonstrating the interrelationship between transonic and high-speed 
rotor noise. 
SONIC CYLINDER 
Figure 60.- Tip flow field of a hovering rotor (MT - 0.9). 
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Although the  phenomenon of de loca l i za t ion  has  been explained by 
simply looking a t  t h e  c o e f f i c i e n t  of $00 i n  equation ( 1 7 ) ,  p r ed ic t ing  
the  r a d i a t i n g  acous t i c  f i e l d  is  another matter. 
sented are themselves funct ions of e i t h e r  measured o r  ca l cu la t ed  flow 
p rope r t i e s .  I n  essence,  a near-f ie ld  desc r ip t ion  of the aerodynamic 
flow f i e l d  i s  r e q i i r e d  before the  events  i n  the  acous t i c  f a r - f i e l d  can 
be explained. Evea then, acous t i c  n o n l i n e a r i t i e s  i n  equation (16) may 
al ter  the  'waveform of the propagating wave ( r e f .  25). 
t i o n s  of t he  r a d i a t i n g  Found f i e l d  are dependent on the f u l l  s o l u t i o n  of 
t he  nonlinear p o t e n t i a l  equation ( r e f .  25). 
The explanat ions pre-  
P rec i se  calcula- 
On the other  hand, t h  c c e s s f u l  explanation of t he  de loca l i za t ion  
phenomenon suggests  t h a t  loca'l aerodynamic n o n l i n e a r i t i e s  s t rong ly  
inf luence the acous t i c  r a d i a t i o n  problem. Therefore, a l o g i c a l  s t e p  i n  
the  c a l c u l a t i o n  of the acous t i c  f i e l d  i s  the  incorporat ion of t h e  near- 
f i e l d  aerodynamic n o n l i n e a r i t i e s  i n  t h e  acous t i c  r a d i a t i m  equation. 
A t  least two a l t e r n a t i v e  ways of implementing t h i s  idea have been 
presented i n  the  l i t e r a t u r e .  I n  one proposed method ( r e f .  21)  t he  non- 
l i n e a r  near-f ie ld  i s  mapped t o  a nonrotating con t ro l  surface,  where 
Ki rchof f ' s  theorem i s  applied.  
chosen t o  be l a r g e  enough t o A c a p t u r e  the  nonlinear aerodynamic behavior 
of the problem, but not t o  be so l a r g e  as  t o  make numerical computation 
imprac t i ca l .  Ca lcu la t ions  using t h i s  procedure, coupled with an e x i s t i n g  
near-f ie ld  numerical code, have shown improvement i n  peak amplitude 
l e v e l s ;  but not  much improvement i n  waveform c h a r a c t e r i s t i c s  above the 
de loca l i za t ion  Mach number. A s  discussed i n  the  paper, t h i s  i s  most 
l i k e l y  a r e s u l t  of t he  numerical i n s e n s i t i v i t y  of the t ransonic  code a t  
t he  boundwy of t he  nonrotat ing con t ro l  surface.  
A s  reported,  the con t ro l  su r f ace  must  be 
e 
. -  $n the, second method, t he  well-known ' 'acoustic analogy" procedures 
are used t o  eva lua te  the,volume d i s t r i b u t i o n s  of l o c a l  aerodynamic non- 
l i n e a r i t i e s  o r  quadrupoles ( r e f s .  8,  20, 22 ,  and 3 0 ) .  The a n a l y s i s  
begins with equation (1) (Ffowcs W i l l i a m s  and Hawking). The t h i r d  t e r m  
i n  t h i s  equation i s  t h e  l i n e a r  thickness  con t r ibu t ion  t o  the r ad ia t ed  
noise ,  which by i t s e l f  has shown the  poor agreement with experiment, as 
'previously discussed. The second t e r m ,  a l s o  a surface i n t e g r a t i o n  over 
t h e  blade,  can be c l a s s i f i e d  as e i t h e r  a l i n e a r  o r  a nonlinear term, 
depending on how t h e  surface pressure is approximated. However, f o r  
most of the in-plane computations reported he re ,  i t s  con t r ibu t ion  t o  the  
r ad ia t ed  noise  f i e l d  is s m a l l  and thus h a s  been neglected.  A strict 
evaluat ion of t h e  nonlinear quadrupole ( f i r s t )  term i n  equation (1) 
requ i re s  a volume i n t e g r a t i o n  over a l l  space. However, the i n t e r e s t  i n  
t h i s  paper i s  i n  captur ing those nonl inear  aerodynamic terms t h a t  may 
govern the a c o u s t i c  r a d i a t i o n  problem. Therefore,  the evaluat ion of t he  
quadrupole t e r m  is  confined t o  a volume i n t e g r a t i o n  wi th in  the aerody- 
namic nonlinear flow f i e l d  of t h e  blade.  
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The quadrupole term assumes a simpler form i f  we rest 
a t t e n t i o n  t o  t h e  acous t i c  f a r - f i e ld .  
can be e a s i l y  converted t o  t i m e  d i f f e r e n t i a t i o n s .  
equat ion (1) becomes 
Then the  s p a t i a l  d i f f e r e n t i a t i o n s  
The f i r s t  term of 
where T r r  = T i j e t  * and 3 i s  $he u n i t  vec to r  from t h e  source a t  
the  re ta rded  t i m e  t o  an observer  i n  the  acous t i c  f a r - f i e ld .  It is 
known from t ransonic  computations and experimentation t h a t  t he  primary 
quadrupole reg ions  are confined wi th in  a few chord lengths  normal to  the  
r o t o r  plane. 
For in-plane f a r - f i e l d  r ad ia t ion ,  t he  u n i t  vec tor  is nearly i n  
the  blade r o t a t i o n a l  plane and is  nearly p a r a l l e l  t o  t he  blade chordwise 
d i r e c t i o n  when t h e  acous t i c  pressure  reaches i ts  peak l eve l .  I f  isen- 
t r o p i c  flow is assumed and the  per turba t ion  v e l o c i t i e s  are measured i n  
t h e  coordinate  sys t em given i n  f igu re  56,  Trr becomes 
2 
T,, = p O ( v i  cos20 + 2vrv0 cos  8 s i n  e + v i  s i n 2 e )  +I-- - 1  2 Po (-e) v; 
where t h e  z-component of t he  pe r tu rba t ion  v e l o c i t y  does not  appear 
because of the  choice of an in-plane f a r - f i e l d  microphone pos i t ion .  
s impl i c i ty  i n  the  r e s u l t i n g , c a l c u l a t i o n s ,  it has  been assumed tha t  
s i n  0 2 0 and t h a t  u = ve near  t he  i n t e g r a t i o n  region of i n t e r e s t .  
Th i s  i s  t r u e  as long-as  the  quadrupole f i e l d  is  i n  f a c t  l oca l i zed  t o  a 
region near t he  r o t o r  t i p .  Then, 
For 
2 2 y - 1  p0u COS 0 + Trr (23) 
where u 
:or 
evaluated.  The two terms represented i n  equat ion (23) arise from similar 
p rope r t i e s  of t h e  flow already discussed i n  the  p o t e n t i a l  formulation. 
Changes i n  the  l o c a l  speed of sound and l o c a l  s t reanwise pe r tu rba t ion  
n o n l i n e a r i t i e s  are included, although the  equat ion forms do not permit a 
one-to-one correspondence of t e r m s .  
r ep resen t s  t he  per turba t ion  v e l o c i t y  along the  blade chord and 
is  the  free-stream ve loc i ty  of the  poin t  i n  the  flow f i e l d  being 
Equations (11, ( 2 1 ) ,  and (23) descr ibed the  nonl inear  f a r - f i e l d  
acous t i c  r a d i a t i o n  of t he  t ransonic  hovering r o t o r .  For subsonic t i p  
Mach numbers, numerical eva lua t ion  of the  su r face  i n t e g r a l s  p re sen t s  no 
real problems. However, the  volume i n t e g r a t i o n  of quadrupoles is not 
as s t ra ight forward .  
7 1  
A s  discussed previously,  t he  accuracy of t h i s  nonl inear  formulation 
I n  t h i s  paper, the flow f i e l d s  of i n t e r e s t  were computed 
is  t o t a l l y  dependent on the  d e t a i l e d  knowledge of t he  flow f i e l d  surround- 
ing t h e  blade.  
by the  three-dimensional t ransonic  numerical code described i n  re fer -  
ences 23 and 24. 
dis turbance p o t e n t i a l  equat ion i n  a blade-fixed re ference  frame. The 
so lu t ion  uses  a conservat ive,  mixed-difference r e l axa t ion  scheme. 
Because t h i s  code w a s  developed t o  p red ic t  blade-surface aerodynamics, 
some s implifying assumptions w e r e  made t o  equat ion (17); namely, the 
n o n l i n e a r i t i e s  known t o  be small near  the blade sur face  w e r e  neglected.  
I n  p a r t i c u l a r ,  t he  t e r m s  2wt$,@,e and on the  left-hand s i d e  and 
the f a c t o r  (y - l)w+e on the  right-hand s i d e  of equation (17) w e r e  not  
programmed. 
T h i s  code so lves  t h e  near-f ie ld  t ransonic  s m a l l -  
The na ture  of the  ca lcu la ted  chordwise pressure  d i s t r i b u t i o n s  as a 
func t ion  of blade r a d i u s  is  shown i n  f igu re  61  f o r  a t i p  Mach number of 
0.9 a t  zero angle of a t t ack .  On the blade sur face ,  a shock wave forms 
a t  about 90% of the  span and p e r s i s t s  over the outer  por t ions  of the  
blade and beyond. 
with the  experimentally sketched flow regions of f i g u r e  59. The maximum 
value of shock s t r eng th  is  ca lcu la ted  t o  occur a t  95% radius .  I t  i s  
a l s o  important t o  note  t h a t  t h e  shocks t h a t  are ca lcu la ted  with t h i s  
code do not  look l i k e  measured shock waves. The numerical so lu t ion  has  
b u i l t  i n t o  i t  a numerical v i s c o s i t y  which tends t o  smooth d i s c o n t i n u i t i e s  
over s eve ra l  mesh poin ts .  This  a f f e c t s  the  f i n a l  acous t ic  waveforms t o  
some degree and i s  discussed la te r .  
These ca lcu la ted  pressure  d i s t r i b u t i o n s  are cons is ten t  
The f i n a l  problem i n  the eva lua t ion  of the  quadrupole i n t e g r a l  is  
the  development of a ca l cu la t ion  procedure f o r  equat ions ( l ) ,  (21), 
and (23),  t h a t  i s  v a l i d  when M = 1.0. This  problem occurs when the 
volume in t eg ra t ion  i s  extended up t o  and beyond the  l i nea r i zed  sonic  
cyl inder .  The integrand i n  equat ion (21) then conta ins  the product of 
two terms which compete t o  decide t h e  eventual  magnitude of the  quadru- 
pole  rad ih t ion .  The f i r s t  is  t h e  decaying source f i e l d  represented by 
the T r r  t e r m  i n  equat ion (21). This  is  mul t ip l ied  by the  1 / ( 1  - Mr) 
t e r m  which goes t o  00 as M r  approaches 1. Fortunately,  the s ingu la r i ty  
is in tegrable ,  but  i t  must be handled q u i t e  ca re fu l ly .  I n  the r e s u l t s  
summarized here ,  t h e  acous t fc  planform technique w a s  chosen t o  perform 
the  numerical i n t e g r a t i o n  near 
procedures and p e r t i n e n t  re ferences  is  given i n  reference 20. 
Mr = 1.0. A complete d iscuss ion  of the 
An evaluat ion of t he  p red ic t ion  accuracy is presented below by com- 
par ing theory w i t h  t he  same UH-1H hover r o t o r  da t a .  Figure 62 p resen t s  
t he  monopole and quadrupole cont r ibu t ions  t o  the  rad ia ted  noise  a t  
Mtip = 0.88 ( s l i g h t l y  before  de loca l iza t ion) .  A t  t h i s  Hach number, the 
shape of the  quadrupole term is b a s i c a l l y  s t i l l  symmetrical- however, 
some asymmetrical charac te r  is present  on t h e  pressure  recovery s i d e  of 
the  quadrupole ca l cu la t ion .  When the  monopole and quadrupole contribu- 
t i o n s  are added, good c o r r e l a t i o n  i n  amplitude and pulse  shape i s  observed 
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Figure 61.- Cp 
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Figure 62.- Theory-experiment cQmparison, % = 0.88. 
s y m m e t r i c a l  i n  cha rac t e r ,  but t he  l o c a l  shock s t r u c t u r e  of the  t ransonic  
flow f i e l d  is  a c t i n g  t o  destroy t h i s  symmetry. 
A t  the  s l i g h t l y  higher hover t i p  Mach number of 0.90, loca l ized  
t ransonic  e f fec ts  cause l a rge  changes t o  the  r ad ia t ed  noise  f i e l d  
( f i g .  63).  Althouth the l i n e a r  t e r m  (monopole, f i g .  63(a)) remains q u i t e  
symmetrical i n  shape and s u b s t a n t i a l l y  underpredicts  t he  measured da ta ,  
t he  nonlinear (quadrupole, f i g .  63(b)) term changes shape dramatical ly  
and increases  i n  amplitude. This  i s  a r e f l e c t i o n  of the f a c t  t ha t  l o c a l  
shocks are propagating t o  the  acous t i c  f a r - f i e ld  (de loca l iza t ion  i n  
r e f s .  19 and 2 2 ) .  
wi th  experimental da t a  ( f igs .  63(c) and 63(d)) ,  good agreement i n  p u l s e  
shape is observed. 
When the monopole and" quadrupole t e r m s  are compared 
The r e l a t i v e  accuracy with which the peak negative amplitude of t he  
high-speed impulsive noise  phenomenon can be predicted is i l l u s t r a t e d  i n  
f igu re  64. Much b e t t e r  agreement between theory and experiment is 
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Figure 64.-  Comparison of theory and experiment in hover, in-plane, 
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are overpredicted. 
reference 20. 
Additional time-history comparisons can be found in 
) 
The most exciting part of the high-speed impulsive noise problem is 
that we have come so far in understanding and predicting the basic physi- 
cal phenomena. Nevertheless, the computation of the noise is not routine. 
It remains a difficult task involving a matching between a near-field 
transonic code and a suitable acoustic code. Several areas where 
improvements can and are being made (in some cases) are suggested in 
the following paragraphs. 
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The high-speed u l s i v e  noise  p red ic t ion  process is dependent on 
t h e  q u a l i t y  of t h e  t ransonic  near - f ie ld  aerodynamic da ta .  
e n t  time, e x i s t i n g  numerical codes conta in  "numerical v i scos i ty"  which 
tends to  smear t h e  l o c a l  shock s t ruc tu re .  This  smearing is  m o s t  pro- 
nounced of f  t he  blade sur face  - p a s t  t he  blade t i p  - and can cause 
numerical e r r o r s  i n  e i t h e r  t h e  Kirkoff ( r e f .  21) o r  quadrupole acous t i c  
formulations.  Some a l t e r n a t i v e  t ransonic  formulat ions t h a t  use  shock- 
captur ing  methods may help b e t t e r  d e f i n e - t h e s e  important regions of the 
flow f i e l d .  
A t  the  pres- 
It  i s  a l s o  poss ib l e  t o  s tudy  numerical and phys ica l  a spec t s  of t h e  
de loca l i za t ion  process  by consider ing a r e l a t e d  two-dimensional problem - 
wave propagation from dis turbances  emanating from a phys ica l  r o t a t i n g  
cy l inder  ( re f .  31). I n  essence, a cy l inder  i s  mounted between t w o  end 
p l a t e s  so t h a t  i t s  axis of r o t a t i o n  i s  a t  r i g h t  angles  t o  the  plates,  
"bump" i s  fas tened  t o  the  cy l inde r  sur face  a l igned  so t h a t  t he  c ros s  sec- 
t i o n  of the  bump and the  cy l inde r  are the same along any poin t  on the  a x i s  
of t he  cy l inder  ( see  f i g .  65). The cy l inder  and bump are r o t a t e d  at t ran-  
sonic  c i r cumfe ren t i a l  Mach numbers s imulat ing the  de loca l i za t ion  flow f i e l d  
A 
F igure  65.- Schematic of a r o t a t i n g  cyl inder .  
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of t h e  hovering r o t o r ,  
simulated problem two-dimensional, thus  making i t  much easier t o  
t i g a t e  the  numerical s e n s i t i v i t y  of the t ransonic  de loca l i za t ion  
I n i t i a l  computations are q u i t e  promising ( r e f .  31) .  I n  the  near fu tu re ,  
complementary experimental  t e s t i n g  w i l l  commence. 
I n  add i t ion  t o  numerical cons idera t ions ,  new experimental  methods 
The end plates and geometrical  des igns  make this  
a r e  needed t o  develop q u a n t i t a t i v e  methods t o  measure t h  
f i e l d .  Of course, b lades  instrumented with p re s su re  tr sducers  near the 
r o t o r  t i p  y i e l d  inva luable  d a t a  on the  su r face  of t he  b e ( r e f .  32) .  
However, t he  flow f i e l d  of f  t he  r o t o r  blade t i p  is  perhaps even more 
iiaportant f o r  t r anson ic  r o t o r s .  I n  the  p a s t ,  hot-wire anemometry has 
been successfu l ly  used t o  measure the  t ransonic  flow f i e l d  ( r e f .  2 2 ) .  
More r ecen t ly ,  t hese  measurements w e r e  char ted using laser velocimetry.  
I n  each case t h e  v e l o c i t y  f i e l d  surrounding the  rotor-blade t i p  extend- 
ing p a s t  t he  b l ade ' s  son ic  cy l inder  has been ex tens ive ly  mapped and used 
as input  t o  equat ion (l), t o  p r e d i c t  t he  acous t i c  f a r - f i e l d .  The major 
problem with e i t h e r  the hot-wire o r  t he  laser velocimeter approaches is  
t h a t  they are t i m e  consuming. 
r o t o r  t i p  flow 
A q u i t e  promising new method f o r  obtaining the  f low-field measure- 
ments employs holographic  in te r fe rometry  ( r e f s .  18 and 3 3 ) .  A laser 
beam i s  expanded and passed through the  r o t o r  b lade  very quickly,  mixed 
with a re ference  wave, and s t o r e d  as a hologram of the  three-dimensional 
f low f i e l d .  
a t  rest and a second hologram is  made. These two holograms are then super- 
imposed, c r e a t i n g  an interferogram of the  i n t e g r a t e d  three-dimensional f low 
f i e l d .  
hovering t ransonic  UH-1H model r o t o r  (see f i g .  55). By simply counting 
f r i n g e s  i n  the  interferogram i t  i s  poss ib l e  t o  q u a n t i t a t i v e l y  def ine  the  
in t eg ra t ed  dens i ty  of t he  flow f i e l d .  
t o  t h i s  a r e  gathered a t  many d i f f e r e n t  angles ,  i t  is  poss ib l e  t o  use t h e  
known techniques of tomography t o  def ine  q u a n t i t a t i v e l y  the  dens i ty  of any 
po in t  i n  the  flow f i e l d .  
by success fu l '  research  a t  our labora tory ,  a t  S tanford  Universi ty ,  and a t  
the  Universi ty  of Michigan. The next  few yea r s  should see the  development 
of holographic in t e r f e romet r i c  tomography f o r  compressible r o t o r  problems. 
A second beam is  passed through the  same pa th  wi th  the  r o t o r  
Figures  from reference  18 present  a holographic interferogram of a 
However, i f  many photographs s i m i l a r  
This  t r u l y  e x c i t i n g  prospect  h a s  been simulated 
F ina l ly ,  t he  acous t i c  c a l c u l a t i o n  process ,  o r  coding, still  leaves  
room f o r  improvement. I n  q u i t e  a few cases  of i n t e r e s t ,  inc luding  the  
eva lua t ions  of t he  quadrupole near  t he  l i n e a r  sonic  cy l inde r  region,  i t  
is necessary t o  eva lua te  an i n t e g r a l  while  in tegrand  is  s ingu la r  but  
i n t eg rab le .  Th i s  is normally done by using "acoust ic  planform methods" 
( r e f s .  20, 3 4 ,  and 35). However, it is  the  au thors '  opinion t h a t  t h e  
codes t h a t  c a l c u l a t e  t h e  f a r - f i e l d  acous t i c s  near  s i n g u l a r i t i e s  could be  
s impl i f i ed  and improved by us ing  more of t he  physics  of t he  t ransonic  
r o t o r .  
Aeromechanics Laboratory. 
These improvements are being inves t iga t ed  by researchers  a t  the  
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BLADE-VORTEX INTERACTION IMPULSIVE NOISE 
The blade-vortex i n t e r a c t i o n  impulsive no i se  s t o r y  is not  as complete 
as t h a t  of high-speed impulsive no i se  - al though n e i t h e r  i s  t o t a l l y  under- 
stood. 
q u i t e  complex because it depends s t rong ly  on t h e  l o c a l  aerodynamic state 
of t h e  h e l i c o p t e r .  
retical approaches t o  t h i s  d i f f i c u l t  problem over t h e  p a s t  15 years .  
Although each e f f o r t  showed progress  i n  understanding, only a few r a t h e r  
q u a l i t a t i v e  design changes have r e s u l t e d .  
As discussed a t  t h e  beginning of t h i s  article, the  problem i s  
There have been many e x c e l l e n t  experimental  and theo- 
I t  is  the  au thors '  opinion t h a t  more d e f i n i t e  progress  h a s  not  been 
made because w e  are not  su re  t o  what degree w e  are i n  f a c t  modeling 
( t h e o r e t i c a l l y  o r  experimental ly)  t h e  f u l l - s c a l e  aerodynamic sources  of 
i n t e r e s t .  For example, i t  is  becoming common p r a c t i c e  t o  ga the r  
impulsive-noise a c o u s t i c  da t a  on a model r o t o r  i n  an a c o u s t i c a l l y  t r e a t e d  
wind tunnel .  
data  relate t o  measured no i se  on t h e  f u l l - s c a l e  veh ic l e .  It i s  not  too 
s u r p r i s i n g  then i f  t h e  design changes based on these  model r e s u l t s  do no t  
prove e f f e c t i v e  on t h e  f u l l - s c a l e  he l i cop te r .  
However, i t  is o f t e n  not  known q u a n t i t a t i v e l y  how these  
The review of blade-vortex i n t e r a c t i o n  (BVI) impulsive no i se  pre- 
sented below i s  based on t h e  fol lowing th ree  fundamental quest ions:  
1. Can B V I  impulsive noise  be  sca led ,  and what are t h e  known sca l ing  
parameters? 
2. What are t h e  known phys ica l  o r i g i n s  of B V I  impulsive no i se?  
3 .  How accura t e ly  can B V I  impulsive no i se  be p red ic t ed?  
A l l  of t he  da t a  and arguments t o  be presented are f o r  t h e  two-bladed, 
single-main-rotor h e l i c o p t e r  c l a s s .  Because i t  h a s  been, h i s t o r i c a l l y ,  
t he  most no tab le  c o n t r i b u t o r  t o  B V I  impulsive no i se ,  much of t h e  BVI 
research  h a s  concentrated on t h i s  class of h e l i c o p t e r s .  However, i t  
should not  be concluded t h a t  three-  and four-bladed h e l i c o p t e r s  do not  
generate  impulsive no i se .  On t h e  cont ra ry ,  as shown i n  f i g u r e  28, four- 
bladed h e l i c o p t e r s  can generate  impulsive no i se  as w e l l .  
ins tances ,  these  no i se  sources  are t h e  dominant source of r a d i a t e d  
acous t i c  energy. 
a l s o  genera te  B V I  impulsive noise  by some of t h e  same source mechanisms 
as the  s ing le - ro to r  h e l i c o p t e r  ( r e f s .  36 and 37).) 
I n  many 
( I t  should be noted t h a t  tandem-rotor h e l i c o p t e r s  
Another reason f o r  focusing on the  two-bladed B V I  impulsive noise  
problem is  t h e  relative s i m p l i c i t y  of t h e  two-bladed t e e t e r i n g  system. 
The r o t o r s  themselves are o f t en  l a r g e  with minimal dynamic-aerodynamic 
coupling e f f e c t s .  The number of p o t e n t i a l  blade-vortex i n t e r a c t i o n s  f o r  
a given f l i g h t  condi t ion  is  d i r e c t l y  propor t iona l  t o  t h e  number of r o t o r  
blades,  The choice of two r o t o r s  minimizes t h e  number of encounters  and 
f a c i l i t a t e s  t h e  i n t e r p r e t a t i o n  of t h e  t ime-history of t h e  a c o u s t i c  pulse .  
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The s c a l i n g  of blade-vortex i n t e r a c t i o n  n o i s e  w a s  r e c e n t l y  addressed 
Ful l - sca le  d a t a  taken by the i n - f l i g h t  method descr ibed  i n  r e fe rence  38. 
prev ious ly  were compared wi th  model-rotor d a t a  ga thered  i n  an anechoic 
wind tunnel .  
The f u l l - s c a l e  comparison d a t a  w e r e  taken on the  AH-1s h e l i c o p t e r  
i n  1978 and 1979 i n  two sepa ra t e  test programs and repor ted  i n  r e f e r -  
ences 1 2  and 39. 
vor tex  i n t e r a c t i o n  n o i s e  phenomena of i n t e r e s t .  
to-noise r a t i o  of BVI impulsive no i se ,  s e l e c t e d  cond i t ions  of forward 
v e l o c i t y  and rate of descent  w e r e  flown with t h e  microphone pos i t ioned  
d i r e c t l y  ahead of t h e  h e l i c o p t e r  bu t  30" below t h e  r o t o r ' s  t ip-path-plane 
( f i g .  66) .  A s  discussed ,  the  major advantages of t h e  i n - f l i g h t  technique 
a r e  the  long d a t a  records ,  t he  absence of ground r e f l e c t i o n s ,  and t h e  
a b i l i t y  t o  f l y  cond i t ions  normally a s soc ia t ed  wi th  terminal-area 
opera t  i ons .  
The d a t a  are r epea tab le  and c l e a r l y  d e f i n e  t h e  blade- 
To opt imize the  s igna l -  
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Figure 6 6 . -  Ful l - sca l e  blade-vortex i n t e r a c t i o n  a c o u s t i c  measurement 
technique. 
Model-scale a c o u s t i c  d a t a  were gathered i n  one of t h e  l a r g e s t  
anechoic wind tunne l s  i n  the  world (CEPRA-19, l oca t ed  near  P a r i s ,  
France). The model r o t o r  w a s  1 1 7  geometr ica l ly  sca l ed  (blade aspect 
r a t i o ,  t w i s t  rate, and s e c t i o n a l  p r o p e r t i e s  w e r e  dupl ica ted)  and mounted 
on a two-bladed t e e t e r i n g  hub - as i n  the  f u l l - s c a l e  h e l i c o p t e r .  A 
photograph of t he  r o t o r  i n s t a l l e d  i n  CEPRA-19 i s  shown i n  f i g u r e  67. 
Dynamic s c a l i n g  w a s  no t  attempted. For tuna te ly ,  t h e  r i g i d ,  large-mass 
b lades  appeared t o  render  the  a e r o e l a s t i c  and dynamic e f f e c t s  t o  a sec- 
ondary s t a t u s .  Details of t he  t e s t i n g  procedure are given i n  r e f e r -  
ence 38. (There w e r e  some small-sect ion geometry d i f f e r e n c e s  between 
the  model and f u l l - s c a l e  blades.  D e t a i l s  can be  found i n  r e fe rence  38.) 
Besides  b lade  geometry and r e l a t i v e  o r i e n t a t i o n  between t h e  r o t o r  
and t h e  microphone, t h e r e  are a t  least four  nondimensional parameters 
which should be dup l i ca t ed  i f  model-scale a c o u s t i c  d a t a  are t o  be 
expected t o  match f u l l - s c a l e  d a t a .  A s  we have d iscussed ,  the in-plane 
geometry ( see  f i g .  6 8 )  between t h e  r o t o r  blade and t h e  t ip -vor tex  
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Figure  67.- 1 / 7  s c a l e  model r o t o r  and test s tand  i n s t a l l e d  i n  French 
CEPFiA-19 anechoic wind tunnel .  
ANGLE = 52" 
Figure 68.- Epicycloid t ip-vortex p a t t e r n  f o r  s.r = 0.164. 
s t r u c t u r e  i s  a dominant B V I  i n t e r a c t i o n  parameter.  
s i o n a l  parameter,  advance r a t i o  FI determines these la rge-sca le  geo- 
metrical i n t e r a c t i o n  p a t t e r n s .  Advance r a t i o  1.1 i s  def ined  t o  be t h e  
r a t i o  of the  h e l i c o p t e r ' s  forward v e l o c i t y  of t r a n s l a t i o n  divided by t h e  
main r o t o r  t ip-speed, t h a t  i s ,  1-1 = V/Vtip. The in-plane p r o j e c t i o n  of 
The f i r s t  nondimen- 
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t h e  s p a t i a l  t ip-vortex p o s i t i o n s  i s  governed by t h e  free-wake geometry 
of t h e  rotor-wake system, 
in-plane p r o j e c t i o n s  can be made i f  self-induced wake d 
t o t a l l y  neglected ( r i g i d  wake). I n  th i s  case, t h e  in-plane p r o j e c t i o n  
simply becomes two ep icyc lo id  t ip-vortex p a t t e r n s  shed from each r o t o r  
blade t i p ,  as shown i n  f i g u r e  68. 
c a l c u l a t i o n  and the one given i n  f i g u r e  68 are i n  t h e  t i p  r eg ion  a f t e r  
the i n d i v i d u a l  v o r t i c e s  begin " r o l l i n g  together" t o  form t h e  classical 
fixed-wing-like v o r t e x  system. However, t h e  BVI  encounter o f t e n  occurs  
before  t h i s  d i s t o r t i o n  becomes e f f e c t i v e .  I n  t h e s e  regions above 
p = 0.1, t h e  r i g i d  and free-wake in-plane p r o j e c t i o n s  are almost 
i nd i s t ingu i shab le .  
A very good approximation t o  these geometr ical  
The major d i f f e r e n c e s  between t h i s  
Because advance r a t i o  governs t h e  l a rge - sca l e  B V I  geometry, i t  p l a y s  
a key r o l e  i n  the a c o u s t i c  r a d i a t i o n .  When viewed from above, the r o t o r  
appears t o  s l ice  through t h e  ep icyc lo id  p a t t e r n  of p rev ious ly  shed t i p  
v o r t i c e s .  The r e s u l t i n g  l o c i  of i n t e r a c t i o n s  determines t h e  number and 
s t r e n g t h  of t he  blade-vortex i n t e r a c t i o n  encounters and thus  s t rong ly  
in f luences  the  r a d i a t e d  noise .  
For s c a l i n g  purposes,  l e t  u s  assume t h a t  only changes i n  p re s su re  
on t h e  s u r f a c e  of t h e  b l ades  causes  B V I  impulsive noise .  A s  before,  t h e  
second t e r m  of equat ion (1) becomes 
where P i j  
r o t o r  blade.  Nondimensionalizing t h i s  p re s su re  t enso r ,  we o b t a i n  
i s  the  l o c a l  surface-pressure t enso r  on t h e  s u r f a c e  of t he  
i a  P ' ( x , t )  = - - - 471 axi 
where 
A s  i n  t h e  high-speed s c a l i n g  arguments, i f  w e  assume - geometric s c a l i n g  
and introduce the  nondimensional u n i t  of t i m e  t : t /(21~/!2),  then 
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and 
where M = V/ao.  So i f  r o t o r ,  microphone geometry, Mach number, and t i m e  
are sca led ,  t he  a c o u s t i c  p re s su re  c o e f f i c i e n t  i s  uniquely determined. 
Notice t h a t  t h i s  r e s u l t  is similar t o  t h e  high-speed s c a l i n g  arguments 
presented earlier. 
are done i n  r e f e r r e d  acous t i c  p re s su re  - as was  done f o r  t h e  high-speed 
sca l ing .  Theref o r e ,  
A l l  comparisons between model and f u l l - s c a l e  r e s u l t s  
These sca l ing  arguments h i g h l i g h t  t h e  importance of t he  second key 
nondimensional parameter, r o t o r  Mach number. Because t h e  geometry of t h e  
problem is  sca led  and 1.1 (advance r a t i o )  is a l s o  dupl ica ted ,  choosing t h e  
hover t i p  Mach number (Mw) completely s p e c i f i e s  t h e  advancing-tip Mach 
number [MAT = (1+ p)MHT] and t h e  Mach number i n  t h e  r a d i a t i o n  dura t ion ,  
Mr. 
of B V I  are governed by two nondimensional parameters,  p and MHT. 
I n  e f f e c t ,  a l l  Mach numbers a s soc ia t ed  w i t h  t h e  la rge-sca le  geometry 
Jud ic ious  matching of the  t h i r d  and fou r th  nondimensional parameters - 
t h r u s t  c o e f f i c i e n t ,  CT, and nondimensional inf low - is necessary t o  dupli- 
c a t e  t h e  pressure  c o e f f i c i e n t s  (Cpij) of the  model and f u l l - s c a l e  experi-  
ments. For a geometr ica l ly  sca l ed  r o t o r ,  t h e  t h r u s t  c o e f f i c i e n t  governs 
the  l o c a l  angle  of attack of t h e  r o t o r  blade and thus  the  s teady-pressure 
f i e l d .  I n  add i t ion ,  i t  a f f e c t s  t h e  average s t r e n g t h  of t h e  shed t i p -  
vortex,  thus  d i r e c t l y  inf luenc ing  the,unsteady-pressure f i e l d  as w e l l .  
The nondimensional in f low p(-ai + ct~pp)  a l s o  a f f e c t s  t he  magnitude of 
t he  unsteady p res su res  by governing t h e  vertical s e p a r a t i o n  between t h e  
vor tex  and t h e  r o t o r  b lade  a t  t h e  t i m e  of an encounter.  I n  a r igorous  
sense,  t h i s  parameter should scale over the p o r t i o n  of t h e  r o t o r  d i s k  
where blade-vortex i n t e r a c t i o n s  occur.  However, it is  o f t e n  assumed t h a t  
by s c a l i n g  geometric p r o p e r t i e s  and CT, an average va lue  i n  space and 
2The f u l l - s c a l e  p re s su re  t ime-history d a t a  shown he re  are from 
reference  11. 
sound e f f e c t s  t o  an  e f f e c t i v e  p re s su re  a t  sea level. 
ously,  d i r e c t  comparisons should account f o r  
model and f u l l - s c a l e  r e s u l t s .  
d i s p a r i t y  between model and f u l l - s c a l e  by as much as 6%.  
The d a t a  w e r e  co r rec t ed  f o r  d e n s i t y  b u t  no t  f o r  speed-of- 
As mentioned previ-  
a. changes i n  both  the 
The e f f e c t  can inc rease  t h e  amplitude 
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t i m e  of t h e  induced angle  ( a i )  a t  the r o t o r  d i s k  governs t h e  i n t e r a c t i o n  
problem ( a i  - CT/U) .  Therefore ,  i f  CT and p are dup l i ca t ed  i n  a model- 
t o  f u l l - s c a l e  test, t h e  nondimensional-inf low o r  t ip-path-plane angle  
( y p p )  becomes the  f o u r t h  nondimensional test v a r i a b l e .  
I n  normal, unacce lera ted  level f l i g h t ,  t he  h e l i c o p t e r  p i l o t  must 
t ilt  the  r o t o r  t ip-path-plane (aTpp 5 t h e  angle  between t h e  p lane  of t h e  
r o t o r  t i p s  and t h e  incoming v e l o c i t y  v e c t o r ;  p o s i t i v e  f o r  rearward t i l t )  
t o  balance t h e  drag of t h e  v e h i c l e  a t  each v e l o c i t y .  
i nc reas ing ly  nega t ive  t ip-path-plane angle  wi th  inc reas ing  forward 
ve loc i ty .  I n  a climb, t he  r o t o r  must be t i l t e d  f a r t h e r  forward ( - a ~ p p )  
both t o  balance drag and t o  oppose g r a v i t y ,  whereas i n  a descent  t h e  
r o t o r  must be t i l t e d  rearward ( + a ~ p p ) .  
ac t ions  are known t o  occur i n  the  descent  condi t ion ,  when t h e  t ip-path- 
plane angle  i s  p o s i t i v e ,  fo rc ing  s e c t i o n s  of t h e  shed t i p - v o r t i c e s  c lose  
t o  o r  i n t o  t h e  r o t o r ' s  t ip-path-plane ( f i g .  68). 
The r e s u l t  is an 
The s t r o n g e s t  blade-vortex i n t e r -  
The most r igorous  t e s t  of t he  s c a l a b i l i t y  of impulsive noise  i s  the  
most d i r e c t :  t h a t  of simply comparing the  cha rac t e r  of t he  model- and 
f u l l - s c a l e  a c o u s t i c  t ime-his tor ies  on a one-to-one b a s i s .  I n  a d d i t i o n  
t o  being a s t r a igh t fo rward  comparison, i t  is  also h e l p f u l  i n  i d e n t i f y i n g  
the  occurrences of blade-vortex i n t e r a c t i o n s  i n  the  a c o u s t i c  s igna tu res .  
This  phenomenological approach i s  i l l u s t r a t e d  i n  f i g u r e  69 f o r  t h e  AH-1G 
h e l i c o p t e r  f o r  a microphone loca ted  approximately 30" beneath the  plane 
of t he  r o t o r  t i p s .  T h i s  r e l a t i v e  o r i e n t a t i o n  of t he  microphone and the  
r o t o r  i s  known t o  maximize the  blade-vortex i n t e r a c t i o n  no i se  and t o  
reduce t h e  i n t e n s i t y  of high-speed impulsive no i se .  
measured a c o u s t i c  t ime-his tory i s  shown f o r  one r o t o r  r evo lu t ion  as 
measured us ing  the  f u l l - s c a l e ,  i n - f l i g h t  technique. The h e l i c o p t e r  and 
measurement a i r c r a f t  w e r e  flown i n  formation a t  a 60 knot  (IAS) par t ia l -  
power descent  (400 f t / m i n  rate of descen t ) ,  a cond i t ion  known t o  produce 
s t rong  blade-vortex i n t e r a c t i o n  no i se .  The four  important nondimensional 
s c a l i n g  parameters are l i s t e d  i n  f i g u r e  69(a) .  
pos i t i on ,  both the  blade-vortex i n t e r a c t i o n  no i se  and high-speed impul- 
s i v e  no i se  are d i s c e r n i b l e .  During advancing blade-vortex i n t e r a c t i o n ,  
a sequence of narrow, small-negative and l a rge -pos i t i ve  sp ikes  occurs  i n  
the  waveform j u s t  be fo re  t h e  broader  negat ive-pressure pulse .  A s  d i s -  
cussed previous ly ,  t h e  la t ter  i s  t h e  high-speed th ickness  n o i s e  and is  
c h a r a c t e r i s t i c  of a c o u s t i c  r a d i a t i o n  below the  d e l o c a l i z a t i o n  Mach number 
a t  a microphone p o s i t i o n  30" under t h e  r o t o r  p lane .  It should be noted 
t h a t  t h e  f u l l - s c a l e  d a t a  i n  f i g u r e  69(a) show a "snapshot" of a long d a t a  
record. Time-averaging of t he  i n - f l i g h t  s i g n a l s  is  p roh ib i t ed  by small 
but  d i s c e r n i b l e  changes i n  the  r e l a t i v e  p o s i t i o n  between the  microphone 
and the  h e l i c o p t e r .  
In f i g u r e  69(a) a 
A t  t h i s  30" microphone 
The model-scale da t a ,  a t  approximately t h e  same sca led  geometric 
d i s t ance ,  are shown i n  f i g u r e s  69(b) and 69(c) .  Figure 69(b) p re sen t s  
one ins tan taneous  snapshot  of one r o t o r  r evo lu t ion  and f i g u r e  69(c) pre- 
s e n t s  an average of 100 revo lu t ions .  The s i m i l a r i t y  of t he  model- and 
f u l l - s c a l e  pu l se  shapes i s  evident .  
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Figure 69 .- Time-history comparisons of fu l l - sca le  and model-scale 
he l i cop te r  blade-vortex in t e rac t ion  noise. 
A more complete p i c tu re  of t he  comparison of model- and fu l l - sca l e  
blade-vortex i n t e r a c t i o n  noise  is shown i n  f i g u r e  70 f o r  similar f l i g h t  
conditions.  Good general  agreement between model-scale and fu l l - sca l e  
is apparent a t  a l l  descent conditions.  
vortex i n t e r a c t i o n  amplitudes, as w e l l  as pulse shapes, match those of 
the  fu l l - s ca l e  data. 
r e s u l t i n g  from a BVI with a young vortex tend t o  decay, and t h a t  those 
pulses  r e s u l t i n g  from a BVI with an older  vortex tend t o  grow with 
increasing descent rate (more pos i t i ve  tip-path-plane tilt). As 
explained before,  as the tip-path-plane of t he  ro to r  i s  t i l t e d  rearward, 
simulating descending f l i g h t ,  a vortex-interact ion encounter with an 
o lder  vortex is more l ike ly .  The model- and fu l l - sca l e  da t a  subs t an t i a t e  
The averaged model-scaled blade- 
The f i g u r e  a l s o  shows that the  acous t ic  pulses  
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Figure 70. - Time-history comparisons of full-scale and model-scale hel i -  
copter blade-vortex interaction noise for several descent conditions. 
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t h i s  t rend  and demonstrate t he  con t inu i ty  of the blade-vortex i n t e r a c t i o n  
process.  
These B V I  impufsive-noise sca l ing  r e s u l t s  are q u i t e  encouraging. 
They demonstrate t h a t  i t  is poss ib l e  t o  dup l i ca t e  many of t he  f ea tu res  
of t he  full-scale.BV1 phenomena on model-scale r o t o r s .  However, t he re  
remain some d iscrepancies  i n  t h i s  f i r s t  BVI sca l ing  comparison. Most 
notably,  t he  amplitude of t he  model-scale B V I  i s  cons i s t en t ly  less than 
t h a t  of t he  f u l l - s c a l e  data .  I n  addi t ion ,  t he  pulse  widths of t he  model 
scale s e e m  wider than those of t h e  fu l l - s ca l e  da t a .  Both d iscrepancies  
suggest t h a t  t he  t ip-vortex s t r e n g t h  of t he  model may be less in t ense  
than the  f u l l - s c a l e  da t a .  
t e s t i n g  i n  the  D W  wind tunnel  ( r e f .  1 4 )  should he lp  c l a r i f y  these  
concerns. 
Fur ther  ana lys i s  of these  tests and follow-on 
One of t he  most i n t e r e s t i n g  aspec ts  of the blade-vortex i n t e r a c t i o n  
phenomenon i s  the  d i r e c t i v i t y  of t he  r e s u l t i n g  noise .  I n  genera l ,  w e  
have shown ( f ig .  71) t h a t  t he  BVI noise  is  rad ia t ed  forward and down 
approximately 30" beneath the  r o t o r  plan ( r e f .  12).  Figure 7 1  confirms 
t h i s  f a c t  f o r  the  p = 0.164 and UTPP = 3.5" case but  a l s o  i n d i c a t e s  
t h a t  t he  ro to r  no i se  decay i s  less gradual from the  30" p o s i t i o n  toward 
t h e  r o t o r ' s  tip-path-plane than f a r t h e r  below t h i s  pos i t ion .  
The l a t e r a l - d i r e c t i v i t y  sweep shown i n  f i g u r e  72 a t  the  $ = 30" 
e leva t ion  angle  reveals many i n t e r e s t i n g  phenomena as w e l l .  The impul- 
s i v e  noise  spike is  q u i t e  weak a t  the 0 = 90" p o s i t i o n  of t h e  micro- 
phone and appears t o  c o n s i s t  of one event. It grows a s  the  microphone 
i s  moved t o  the  45" p o s i t i o n  and grows even l a r g e r  a t  the  
pos i t i on .  Here i t  is  apparent ly  joined by another  pulse. The amplitude 
of the  f i r s t  pu lse  inc reases  f u r t h e r  a t  t he  s t ra ight-ahead microphone 
p o s i t i o n  and remains high a t  t he  microphone r e t r e a t i n g  s i d e  pos i t ions .  
A t  t he  -45" pos i t i on ,  a decrease i n  amplitude occurs, some of which may 
be a t t r i b u t a b l e  t o  blockage by the  r o t o r  s tand.  
6 = 30" 
Some caut ion  should be exerc ised  when i n t e r p r e t i n g  the  d a t a  recorded 
on the  microphone loca ted  near  t he  3-m nozzle. The r eve rbe ran t / r e f l ec t ed  
f i e l d  could have d i s t o r t e d  t h e  r e s u l t s  somewhat. Shear-layer e f f e c t s  can 
a l s o  be important a t  these microphone loca t ions  because t h e  sound pa th  
e n t e r s  the  shear  l a y e r  a t  shallow angles .  Nevertheless ,  t he  general  
t r ends  i l l u s t r a t e d  i n  f i g u r e s  71  and 72 are bel ieved t o  be co r rec t .  
One of t he  b e s t  f u l l - s c a l e  experimental  a t tempts  t o  document the 
aerodynamic flow f i e l d  encountered by a h e l i c o p t e r  r o t o r  w a s  the j o i n t  
U.S. Army/Bell Hel icopter  Textron f l i g h t - t e s t  program c a l l e d  t h e  "Opera- 
t i o n a l  Loads Survey (OLS)" ( r e f s .  40 and 41). I n - f l i g h t  aerodynamic, 
s t r u c t u r a l ,  and acous t i c  da t a  were gathered throughout a wide range of 
opera t ing  condi t ions.  The instrumented h e l i c o p t e r  w a s  an AH-1 Cobra, 
q u i t e  similar t o  t h e  one used t o  gather  t h e  in - f l i gh t  acous t i c  da t a  d i s -  
cussed i n  the  previous sec t ion .  One minor d i f f e rence  is  t h a t  t he  Opera- 
t i o n a l  Loads Survey blade s e c t i o n s  were modified t o  incorpora te  ex tens ive  
87  
AH-1 G/OLS 





\ , I MIKE 11 20t I 
0 
-20 
Figure 72.- Lateral directivity of blade-vortex interaction noise 
(averaged data, C#I = 30'). 
89 
rotor-blade pressure instrumentation. 
a i r f o i l  sur faces  were 110 Kuli te  absolute-pressure tra 
the  s ta t ic -pressure  d i s t r i b u t i o n  over the a i r f o i l  a t  f i v e  spanwise sta- 
t ions .  
400 Hz. Thus, events  occurring within approximately 5" steps i n  ro to r  
azimuth w e r e  measured. 
a l s o  used t o  measure simultaneously the  near-f ie ld  noise  a t  th ree  f ixed  
posi t ions.  
and 42. 
Mounted on the  
The blade-pressure measurement system had a frequency response of 
As shown i n  f i g u r e  73, in - f l igh t  microphones w e r e  
Additional experimental d e t a i l s  can be found i n  references 41 
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re 73.- Simultaneous measurement of blade surface-pressu re and 
Figures 74 and 75 present an example of the  measured pressure 
f luc tua t ions  f o r  a typ ica l  BVI  descent case (11 = 0.147, rate of 
descent = 200 f t /min)  a t  several  spanwise and chordwise s t a t i o n s ,  
respect ively.  The leading-edge pressure t ransducers  ( f ig .  74) a t  
severa l  spanwise loca t ions  near the  blade t i p  iden t i fy  the  aerodynamic 
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Figure 74.- Example of blade surface-pressure h i s t o r y  a t  d i f f e r e n t  
span pos i t i ons  ( r e f .  40). 
t o  JI * 90" are seen corresponding t o  the  BVI l oca t ions  previously noted 
on the  advancing s i d e  of the  r o t o r  disk.  
f l uc tua t ions  are a l s o  seen on t h e  r e t r e a t i n g  s i d e  ($I :: 270'). These also 
genera l ly  c o r r e l a t e  with the  BVI l oca t ions  ind ica ted  i n  the  top view of 
the  free-wake sketched i n  f i g u r e  68. Unfortunately,  the  400-Hz upper 
frequency l i m i t  on t h e  blade pressure  t ransducers  apparent ly  tends t o  
smooth the  pressure v a r i a t i o n s  t h a t  a r e  shown. More r ecen t ly  ( r e f .  38) 
s i m i l a r  model-scale tests of a sca led  OLS r o t o r  have confirmed these  
general  f ind ings  and have ind ica ted  t h a t  the  a c t u a l  EVI pressure  
transducer response does contain higher frequency da ta .  
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Figure 75.- Example of blade surface-pressure h i s t o r y  a t  d i f f e r e n t  
chord p o s i t i o n s  ( r e f .  4 0 ) .  
One of the  most important f i nd ings  of t h i s  experiment is  shown i n  
f i g u r e  75 where the  upper-surface pressure  t ransducer  responses are 
p l o t t e d  versus  azimuth angle f o r  several chordwise s t a t i o n s .  The BVI 
phenomenon is seen t o  be concentrated near  t he  very leading edge of t he  
blade chord. 
t h e  f i r s t  10% of the  blade chord. A t  20% of the  chord, very few BVI 
p ressure  changes are noted. The s a m e  p a t t e r n  ( see  r e f .  41) a l s o  exists 
f o r  t he  lower-surface pressure  t ransducers .  I n  the  more recent  model- 
scale tests ( r e f s .  14 and 38) ,  t hese  f ind ings  w e r e  subs t an t i a t ed ,  ind i -  
c a t i n g  t h a t  t he  aerodynamic source loca t ion  f o r  BVI  no ise  is the  very 
leading edge of the  r o t o r  blade. It w a s  a l s o  not iced t h a t  the  pressure  
dis turbances on these model-rotor tests w e r e  "shock-like," again indi-  
c a t i n g  t h a t  t he  aerodynamic phenomena near t he  r o t o r ' s  l ead ing  edge w e r e  
q u i t e  sharp (near ly  discont inuous) .  These experiments c l e a r l y  show t h a t  
t h e  BY1 i s  an impulsive-like phenomenon loca ted  near t he  lead ing  edge 
of t he  r o t o r  blade.  
In  fact, the  dominant B V I  p ressure  changes are confined to  
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Simultaneous in-flight near-field acoustic me 
recorded during these experiments. As expected, the advancing-blade/ 
vortex interactions radiated most of their energy forward and were 
measured on the right wing-tip and nose-boom microphones. 
blade/vortex interactions radiated to aft directions and were measured on 
the left wing tip and elevator microphones, 
were recorded on the right-wing-tip and nose-boom microphones, even 
though figure 74 shows that the advancing-blade interaction pressure 
variations are less than those measured on the retreating side. The 
conclusion to be drawn is that advancing-side BVIs are apparently "acous- 
tically" more efficient than the retreating side B V I s ,  
The retreating- 
The largest acoustic pulses 
The near-discontinuous nature of these measured pressure variations 
is supported by some earlier Schlierin photographs of advancing-side BVI 
taken by Tangler (ref. 9) on a small model rotor in a wind tunnel. The 
photographs shown in figure 76 are admittedly qualitative in many testing 
respects, because parameters such as thrust, blade design, and tip-path- 
plane tilt were adjusted to obtain clear photographs. 
Schlierin system presents only two-dimensional representations of a 
In addition, the 
* = 70" 
Figure 76.- Shock propagation from blade-vortex interaction. 
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three-dimensional phenomenon, Nevertheless ,  t h e  BVI i n t e r a c t i o n  shown 
is  be l i eved  t o  be t h e  1 1 / 2  o l d  (No, 3) "near broadside" encounter 
i l l u s t r a t e d  i n  f i g u r e  76 which i n  a l o c a l  sense i s  nea r ly  two dimen- 
s i o n a l .  A lower-surface shock wave i s  seen i n  t h e s e  photographs which 
beg ins  nea r  t he  b l ade  leading edge and propagates forward and downward 
i n t o  t h e  d i r e c t i o n  of t h e  oncoming flow. 
photographs, t h e  compressible n a t u r e  of t h e  BVI phenomena a t  these  
t y p i c a l  f u l l - s c a l e  t i p  Mach numbers i s  clear. The photographs a l s o  
support  t h e  f u l l - s c a l e  and model-scale experimental  f i n d i n g s  t h a t  t h e  
aerodynamic source l o c a t i o n  is  t h e  leading edge of the r o t o r  blade.  
Judging from t h e s e  remarkable 
I t  i s  tempting t o  conclude t h a t  shock waves play a r o l e  i n  many of 
t h e  blade-vortex i n t e r a c t i o n  encounters  on f u l l - s c a l e  h e l i c o p t e r s .  How- 
eve r ,  t h e  f u l l - s c a l e  experimental  evidence t o  support  such a conclusion 
is  sketchy and inconclusive a t  b e s t .  The measured f u l l - s c a l e  i n - f l i g h t  
a c o u s t i c  d a t a  ( r e f .  11) have shown t h a t  t h e  waveform e x h i b i t s  a "shock- 
l i k e "  cha rac t e r .  However, a discont inuous r a d i a t i n g  shock wave similar 
t o  high-speed d e l o c a l i z a t i o n  h a s  never been q u a n t i f i e d  e i t h e r  i n  ground- 
based o r  i n - f l i g h t  a c o u s t i c  measurements. What seems c e r t a i n  i s  t h a t  
compress ib i l i t y  p l a y s  a s i g n i f i c a n t  r o l e  i n  t h e  formation of t h e  sharp 
p res su re  dis turbance.  On f u l l - s c a l e  h e l i c o p t e r  measurements t o  date ,  
t hese  d i s tu rbances  r a d i a t e  t o  t h e  a c o u s t i c  f a r - f i e l d  as saw-tooth waves. 
I t  has  always been the  a c o u s t i c i a n ' s  dream t o  be given accu ra t e  
p re s su re  measurements on t h e  s u r f a c e  of t he  r o t o r  blade and then t o  be 
asked t o  compute the  acous t i c  p re s su re  a t  some remote microphone loca- 
t i o n .  T h e o r e t i c a l l y ,  equat ion ( 3 )  can be used t o  sum p res su re  d i s t u r -  
bances t o  c a l c u l a t e  t he  a c o u s t i c  f a r - f i e l d .  Such c a l c u l a t i o n s  w e r e  
performed by Nakamura ( ref .  10) u t i l i z i n g  t h e  f u l l - s c a l e  OLS d a t a  with 
remarkably good r e s u l t s .  However, these r e s u l t s  w e r e  achieved a f t e r  
many of the experimentally observed phenomena previously descr ibed w e r e  
c a r e f u l l y  accounted €or  i n  t h e  a n a l y s i s .  
The f i r s t  assumption i n  t h i s  a n a l y s i s  w a s  t h a t  only known surface-  
p re s su re  v a r i a t i o n s  con t r ibu ted  t o  the  r a d i a t e d  noise  (eq. ( 3 ) ) .  Of 
course,  t h e  noncompact na tu re  of t h e  aerodynamic and a c o u s t i c  problems 
w a s  r e a l i z e d  and included i n  t h e  a c o u s t i c  formulation. However, the 
f i r s t  at tempt a t  j u s t  "plugging in" a l l  of t h e  i n t e r p o l a t e d  blade-vortex 
i n t e r a c t i o n  p r e s s u r e s  t o t a l l y  f a i l e d .  The a c o u s t i c  p r e d i c t i o n  only 
accounted f o r  t h e  very low frequency loading no i se .  A l l  h ighe r  frequency 
d a t a  w e r e  i n a d v e r t e n t l y  f i l t e r e d  by t h e  necessary i n t e r p o l a t i o n  between 
d a t a  p o i n t s  ( r e f .  10 ) .  The important l e s son  t o  be l ea rned  from t h i s  
e x e r c i s e  is  t h a t  j u s t  "plugging in'' measured o r  c a l c u l a t e d  p res su res  t o  
an e x i s t i n g  computer code t o  c a l c u l a t e  f a r - f i e l d  a c o u s t i c s  i s  probably a 
waste of t i m e  unless t h e  phenomenon of i n t e r e s t  i s  c a r e f u l l y  represented 
i n  the  input  da t a .  
Representat ion of t he  B V I  phenomena from t h e  measured d a t a  w a s  not  
a t r i v i a l  task.  
measured da ta  and kept  t r a c k  of t h e  i n t e r a c t i o n  l o c i .  I n  fixed-space 
A computer model w a s  cons t ruc t ed  which c a r e f u l l y  f i t  t h e  
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coordinates ,  these i n t e r a c t i o n  l o c i  determine the  " t race  Mach er" and 
thus govern the  r e l a t i v e  e f f i c i ency  of the  BVI.  
ence 10 shows some of the  d i f f i c u l t i e s  of cons t ruc t ing  continuous BVI 
i n t e r a c t i o n  l o c i  from the  measured data. 
sure  pulses  were not  measured a t  each r a d i a l  s t a t i o n .  Ins tead ,  i t  
appeared as i f  t he  blade-tip region encountered fewer i n t e r a c t i o n s  on 
the  advancing s i d e  than did the  more inboard regions.  These f ind ings  
a r e  probably a r e s u l t  of the nonplanar charac te r  of the BVI and a r e  
aggravated by the  400-Hz upper frequency l i m i t  of the pressure  ins t ru-  
mentation. 
i n  f i g .  77) were necessary t o  a r r i v e  a t  a successful  BVI model. 
Figure 77 from refer -  
A l l  of, the  expected BVI pres- 
The i n t e l l i g e n t  estimates of the  i n t e r a c t i o n  s t r u c t u r e  (shown 
MEASURED THEORETICAL 
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Figure 77.- Modeling of blade-vortex i n t e r a c t i o n  l i n e s  from measured 
r e s u l t s .  
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e 78 shows t h e  c meas C d 
acous t i c  waveforms for t h e  right-wing ophon oom micro- 
phone. The genera l  waveform, inc luding  the  impulsive shape, is  w e l l  
p red ic ted  i n  both observer pos i  ns; however, t he  peak i t u d e s  are 
underestimated and the  pulse  widths overestimated. A t  t he  present  t i m e  
i t  is  not  known how much of t h i s  discrepancy is  due t o  experimental  
inaccuracies ,  t o  numerical i n t e r p o l a t i o n  of t h e  measured da ta ,  or t o  the  
omission of nonl inear  terms in  the governing equat ion (1). 
pulse  shapes of t h e  t h e o r e t i c a l  p red ic t ions  s e e m  to  suggest t h a t  the 
measured pressures  d id  not  have a high enough frequency response. New 
data  r ecen t ly  taken on model-scale OLS blades  are cu r ren t ly  being ana- 
lyzed t o  address  these  concerns. 
The wider 
Based on the  model- and f u l l - s c a l e  experiments discussed s o  f a r ,  i t  
is  s t rongly  suspected t h a t  compress ib i l i ty  p l ays  a r o l e  i n  the  aerodynamics 
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Figure 78.- Comparison of acous t i c  waveform between measurement and 
computation. 
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of BVI.. For t he  near  "broadside" BVI encounter depicted i n  f i g u r e  8, 
the mean-flow v e l o c i t y  (wR + V s in  a) p l u s  the l o c a l  v e l o c i t y  induced 
by t h e  vor tex  (v i )  can exceed s o n i c  v e l o c i t i e s  over s m a l l  regions near  
t he  leading edge of t he  r o t o r  blade.  Unfortunately,  t h i s  l o c a l  aero- 
dynamic flow f i e l d  i s  t ransonic  and unsteady and thus  governed by non- 
l i n e a r  equations. A s  i n  the  high-speed problem, numerical so lu t ion  of 
t he  governing equat ions is  the  only known method of captur ing these  
e f f e c t s .  
A t  t he  present  t i m e ,  t he  l o c a l  t ransonic  flow f i e l d  which exis ts  
during BVI is  being addressed by seve ra l  researchers. 
i n i t i a l l y  been s impl i f i ed  t o  a two-dimensional encounter wi th  the  vor tex  
passing by a s t a t i o n a r y  a i r f o i l .  
numerically solved t o  y i e l d  t h e  aerodynamic, as w e l l  a s  t he  r ad ia t ed ,  
no ise .  A f i r s t  a t tempt  a t  such a s imulat ion of BVI w a s  r ecen t ly  per- 
formed i n  re ference  42. Even though only the  v e r t i c a l  upwash d i s t u r -  
bance of t he  B V I  encounter w a s  considered, these  prel iminary r e s u l t s  are 
encouraging. They r ea f f i rm t h e  importance of leading-edge blade geom- 
e t r y  ( r e f s .  9 and 10 ) .  When developed, they should be a b l e  t o  suggest 
leading-edge geometries t h a t  tend t o  minimize the  a i r f o i l  p ressure  d is -  
turbances t h a t  can r a d i a t e  t o  the  acous t ic  f a r - f i e l d .  Experimental work 
t o  support  these  e f f o r t s  i s  a l s o  under way. 
The problem h a s  
The governing equat ions are then 
A s  mentioned previously,  t he  BVI impulsive-noise phenomena are not  
as w e l l  understood as high-speed impulsive noise .  Nevertheless,  sub- 
s t a n t i a l  progress  is  being made. Several  areas i n  which improvements 
can and are being made ( i n  some cases)  are suggested i n  the  following 
paragraphs. 
The f i r s t  at tempt a t  s c a l i n g  BVI impulsive noise  ( r e f .  38) ,  al though 
genera l ly  good, i s  not  completely s a t i s f a c t o r y .  There remain the  prob- 
l e m s  of reduced amplitude and wider pulse  shapes of the  model scale da ta .  
Fortunately,  more recent  tests ( r e f .  14) have documented B V I  under more 
con t ro l l ed  aerodynamic and acous t i c  condi t ions.  
of these  da ta  (both blade pressure  and r ad ia t ed  noise)  should more f u l l y  
answer the  s c a l i n g  quest ion.  
The d e t a i l e d  ana lys i s  
It would a l s o  be he lp fu l  t o  conduct some new experiments. I n  par- 
ticular, laser v e l o c i t y  measurements on model- and fu l l - sca l e  r o t o r s  t o  
de f ine  the  vor tex  s t r eng th  and i t s  geometry during a BVI encounter a t  
f u l l - s c a l e  t i p  speeds are suggested. 
Another very important ques t ion  t h a t  needs t o  be addressed is: How 
appl icable  are these  normal opera t ing  tip-speed r e s u l t s  t o  lower t i p  
speeds? From our experience, i t  appears t h a t  t h e  mechanisms of t he  
problems t h a t  w e  have discussed e x i s t  on f u l l - s c a l e  h e l i c o p t e r s  with 
hover t i p  Mach numbers of 0.6 t o  0.73. However, much of t he  model-scale 
BVI experiments that have been run are a t  lower Mach numbers ( r e f s .  43-45). 
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How do these  lower Ph we 
have been discussing? New test ange of Mach numbers is 
needed e 
The BVI research  t o  da te  has  focused on a very l imi ted  amount of 
measured acous t i c  data .  I n  t h i s  summary, it has  been shown t h a t  t he re  
are d i r e c t i o n s  i n  which BVI impulsive noise  i s  e f f i c i e n t l y  rad ia ted .  
remains t o  c a l c u l a t e  these r a d i a t i o n  d i r e c t i o n s  and t o  c o r r e l a t e  these  
f ind ings  with high-quality pressure-instrumented r o t o r  b lades  run in an 
anechoic wind tunnel .  
i n  equation (3) ( s i m i l a r  t o  t h a t  used i n  r e f .  10) t o  p red ic t  t he  r ad ia t ed  
noise .  
It 
The same high-quality pressure da t a  could be used 
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